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WisGOsliy “AND: SURFACE “TENSION EFFECTS 
ON V-NOTCH WEIR COEFFICIENTS 


By ARNO T. LENZ,? Assoc. M. AM. Soc. C. E. 


SYNOPSIS 
Results of 652 test runs in the Hydraulic and Sanitary Laboratory at the 
University of Wisconsin, in Madison, are reported in this paper. Square- 
edged, brass, V-notch weirs, with six different angles, were tested, with heads 
up to 0.88 ft, using water and two oils at several temperatures. 

Viscosity varied from 1 to 150 times that of water; surface tension from 1 
to 0.41 times that of water; and density from 1 to 0.85 times that of water. 
Also reported are 45 tests made at the University of California, in Berkeley, 
with two oils, at heads up to 0.20 ft, and 92 tests made at Cornell University, 
in Ithaca, N. Y., with water, at heads up to 3.43 ft. 

The purpose of the Wisconsin tests was to obtain experimental data with 
regard to the effect of viscosity and surface tension on a weir coefficient C. 
It was found that the weir coefficient increases with both viscosity and surface 
tension, and that it decreases with increase in head and angle of V-notch. 

A general equation expressing these relations mathematically was derived 
with the aid of dimensional analysis and is given in the paper, along with the 
limiting conditions beyond which the equation is not valid. As it should be 
good for any oil, its validity was checked with previously unpublished data 
from tests made at the University of California with two different oils. The 
coefficients computed by the general equation were within 1% of the test values. 

Comparison of published coefficients, from similar tests with water, with 
the values of C computed from the general equation shows agreement within 
about 1% for all weir angles between 28° and 90°. Head-discharge. equations 
are given which express the results of these water tests. 


NoTraTION 


The letter symbols used in this paper are defined where they first appear 
and are assembled for convenience of reference in the Appendix. 


Nors.—Written comments are invited for immediate publication; to insure publication the last dis- 
cussion should be submitted by July, 1942. 
1 Madison, Wis. 
pow 
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Fie. 1.—Puysicat Properties or Liquips TrstTrep 


INTRODUCTION 


Since the first work on V-notch (triangular) weirs by Prof. James Thomson 
(13)? in 1858, many experimenters starting with the equation 


Eb Rel el eo 


have determined the value of the coefficient ¢ for various values of head, angle 
of notch, type of weir crest, size of approach channel, and temperature of — 


? Numerals in parentheses, thus: (13), refer to corresponding items in the Bibliography (see Appendix), ‘ 
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flowing liquid. The effect of the angle of notch is largely eliminated by the 
use of the formula, | 


Oe CA V8q tan 5 ne A aie Se (2) 


and since this is the most general fundamental equation available it is used as 
the starting point in this paper. In Eqs. 1 and 2, Q, of course, is the flow; 
c is an empirical coefficient; H is the hydraulic head; g is the gravity constant; 
and @ is the angle of the notch. The value C in Eq. 2 is really the dimension- 
less ratio of the actual discharge to the discharge as computed by calculus 
methods, usually termed the theoretical discharge. Therefore, C should 
express the effect of the various physical properties of the flowing liquid, other 
factors being constant. The methods of dimensional analysis have been ap- 
plied to this problem by Hubert Mawson (8), B. M. Thornton, Ed 8. Smith, Jr. 
(11), and H. N. Eaton (5), but all the experimental work by which they prove 
their conclusions was done with only one liquid—water. Since the physical 
properties of water change little with temperature, it was necessary to experi- 
ment with liquids having widely different properties in order to show definitely 
how the value of C depends on viscosity, surface tension, and density. 

Three groups of new test data are reported. They are: (a) Tests made by 
the writer and assistants at the University of Wisconsin, (b) tests made at 
the University of California under the direction of Morrough P. O’Brien, M. | 
Am. Soc. C. E., and (c) tests made by Chitty Ho, Assoc. M. Am. Soc. C. E., 
and Sze-Ling Wu at Cornell University (7). The trade names of the various 
oils used have been replaced by arbitrary letter designations, serving the same 
purpose as far as discussion is concerned. Their physical characteristics are 
given in Fig. 1. 

EXPERIMENTAL METHODS 


Wisconsin Tests——The apparatus used in all tests with water and oil G 
is shown in Fig. 2. The weir tank had for its front end a frame of 2-in. steel 
angles. Two steel end plates, one above the other, closed the opening in the 
endframe. A small opening through which the liquid could flow was cut in the 
upper plate to which were bolted two brass weir plates as shown in Figs. 3 and 4. 
Two designs of upper end plate were used—one for the 10°, 20°, 28°, and 45°, 
and one for the 60° and 90°, V-notches. It was thus possible to use the same 
two weir plates for tests at all angles. 

The weir plates were }-in. brass plates, 83 in. by 13 in., beveled to 35-in. 
thickness at the weir crest, with square upstream corners and straight edges. 
A filler plate with the correct angle was in place below the weir plates, as shown 
in Fig. 3, throughout each series of runs, in order to provide a smooth upstream 
surface of at least 84 in. from the crest in all directions. : 

The point of the notch was 3 ft above the bottom of the tank. This gave 
a ratio of approach-channel depth to head of 4.4 for the maximum head of 0.88 
ft with the 10° notch and 7.0 for the maximum head of 0.50 ft with the 90° 
notch. The width of the channel of approach (3.5 ft) was 7.0 times the head 
for the maximum head on the 90° notch. The work of James Barr (2) would 


354 V-NOTCH COEFFICIENTS Papers 


Supply Line from Pump 


Constant Head 


Overflow to Sump Tank 


=< 
2S Mi 
e 
a HOOK GAGE 
2 i 
Ww 
a 4 
3 | 
: ¢ 
2 E WEIR TANK DIVERTER T 
g a 
' E IJ Steam Line by 
, E Za = 
i A. x 8 


STORAGE TANK 


Fic. 3.— Apparatus FOR DETERMINING ZERO READING 


Fig. 4.—MEasuREMENT oF ANGLE or Norcx 


March, 1942 V-NOTCH COEFFICIENTS 355 


indicate that there should be no influence due to side-walls or floor with ratios 
of this magnitude. 

The liquid flowed over the notch into a funnel-shaped diverter (Fig. 2) 
from which it could be discharged into the sump tank or into either one of two 
weighing tanks. A coil in the sump tank was provided with steam and cold- 
water connections and was used to maintain a constant temperature in the 
liquid.. From the sump tank the liquid was pumped to a constant-head tank 
from which it flowed to the weir tank. The liquid entered the weir tank be- 
hind a series of three baffles, the last of which was 7 ft 9 in. from the weir plates. 
The flow from the last baffle to the weir plates was exceedingly smooth, and 
the head was maintained constant throughout each run. 

The apparatus used in the tests with oil A was essentially the same as with 
oil G, with one exception. Each V-notch was cut in a single brass plate 12 in. 
by 24 in. by 33; in. thick. The edges were beveled to the same profile as in the 
other tests. The principal objection to this type of notch was the difficulty 
in fixing the exact vertex of the V-notch at the geometric intersection of the 
sides, particularly for the narrow angles. 

Measurements.—The head was measured by two hook gages reading to 
0.0001 ft, one on each side of the notch and rigidly fastened to the headframe 
as shown in Fig. 3. A third gage 5 ft upstream from the weir was also read 
until 300 runs proved beyond doubt that the gages fastened to the headframe 
were beyond any drawdown influence from the notch. This method of reading 
heads was much more satisfactory than the use of a hook gage in a stilling 
well, particularly at high temperatures, for it was found that the level of the 
quiet liquid in the well was not the same as in the weir tank, the difference in 
level being in proportion to the difference in liquid density due to the tempera- 
ture variation between stilling well and weir tank. 

Zero readings on the hook gages were obtained by measuring with a small 
auxiliary micrometer hook gage from a shelf resting on a small disk placed in the 
V-notch, to the level of the quiet liquid in the tank (Fig. 3), and computing the 
difference in level between the liquid and geometrical point of the notch. 
The angle of notch was obtained by measuring with a micrometer caliper be- 
tween two disks of known diameter and computing sin 0/2 (Fig. 4). For the 90° 
notch a level bar was used instead of the upper disk. 

The actual discharge over the weir was determined by weighing the liquid 
caught in a measured time. For small rates of flow a small scale, accurately 
calibrated, measured the weight to 0.01 lb. For a net weight of more than 
300 Ib a large tank with a maximum capacity of 1,500 Ib was used. The scale 
was sensitive to 0.2 lb. Runs of 5-min duration were made for low rates of 
flow, the time decreasing to about 1 min for high rates. Time was measured 
by an accurate stop-watch, graduated to 0.2 sec, with the reading estimated 
to 0.1 sec. 

Temperature was read on a thermometer eraduated to half degrees Fahren- 
heit, and readings were estimated to the nearest 0.1°. The correct unit weight 
for the actual temperature of the liquid was used in computing the volumetric 
rate of discharge. The value of g was taken as 32.169 ft per sec? (980. 5cm 
per sec”). It is believed that all measurements taken are accurate within 
0.2%, most of them being accurate to within 0.1%. 


4 
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Physical Properties of Liquids.—Oil A was a fuel oil, No. 5 grade, the type 
used in large oil burners. Oil G was a dustproofing oil, the type used to spray 
on coal to reduce dust trouble before delivery. Both were selected because 
of their viscosity range and also because the 2,200 gal required in the circu- 
lating system could be resold 
after the tests were completed. 
Lake water was used in all the 
water tests. The appearance 
of the liquid jet for oil G may 
be seen in Fig. 5. 

The density (p) of the liquids 
used in the tests is shown in 
Fig. 1(d). The values for oils 
A and G were obtained by tests 
with the hydrometer and West- 
phal balance, and by weight 
determinations, using flasks of 
known volume. Plotted points 
in Fig. 1(d) indicate test results. 

Kinematic viscosity (v) was 
measured by means of an Ost- 
wald viscosimeter. The instru- 
ment was calibrated with dis- 
tilled water as recommended by 
the American Society for Test- 
ing Materials (A.S.T.M.) Stand- 
ards(1). The curve in Fig. 1(b) 
is from the International Crit- 
ical Tables (9), whereas the 
plotted points were obtained from water measurements using the instrument — 
constant obtained by calibration. Test data for oils and a comparison with 
the water curve is shown in Fig. l(a). Computations for Reynolds’ number R 
were made using values taken from the smooth curves. 

Surface tension (¢) was determined by measuring the rise in the capillary 
tube of the apparatus shown in Fig. 6. The difference in level between the 
liquid in the two legs of the U-tube is directly proportional to the surface ten- 
sion of the liquid and inversely proportional to p, g, and an instrument con-. 
stant. This capillary rise was measured with a micrometer comparator tele- 
scope reading to 0.005 mm. Comparison of the test data obtained with dis- 
tilled water with the values published in the International Critical Tables (9) 
is given in Fig. l(c). Test data from oil measurements and the mean curves 
used in computations are also shown. The water bath shown in Fig. 6 was 
used for both the surface tension and viscosity measurements to hold the 
temperature constant. 

California Tests —The two oils M and C were used in the California tests 
which were conducted at low heads (all less than 0.20 ft) and with 90° icives 
Tests were made with each oil at two temperatures, approximately 70° F and 
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90° F. The experimental data are summarized in Table 1(a). The tank used 
consisted of a weir box 143 in. high, 103 in. wide, and 402 in. long. It con- 
tained two baffles, the last one 244 in. upstream from the 34-in. by 6-in. brass 
weir plate in which was cut a 90° V-notch. A head gage in a stilling well 33 in. 
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Fic. 6,—ARRANGEMENT OF Surracr Tension U-TuBE IN A ConstaNt-TEMPERATURE Batu 


in diameter was connected to the weir tank with a 3-in. tube, the connection 
being 152 in. upstream from the weir plate. Maximum head in any of the test 
runs was 0.20 ft; minimum head selected from the data for use in this paper 
was 0.10 ft. Head-gage readings were recorded to 0.001 ft; time to 0.1 sec, 
with a minimum of 15 sec at 0.20-ft head; and weights to 0.11b, with a minimum 
net weight of 30 lb. | 

Cornell Tests.—All the Cornell tests were made with water only, but with 
five angles of notch, 90°, 60°, 37°, 28°, and 19°, at heads up to 3.43 ft (see 
Table 1(b). They were made with “brass plates 2 in. thick and 6 in. wide with 
sharp square edges in order to make the water sheet discharge freely.” These 
plates were attached to a bulkhead near the end of the same concrete channel— 
6 ft wide and 11.6 ft deep—that was used in the weir experiments by E. W. 
Schoder, M. Am. Soe. C. E., and the late K. B. Turner (10), first published in 
1927. The vertex of each notch was set 8 ft above the floor level. The 
closest baffle was 24.6 ft from the weir. Heads were measured with float gages 
connected 11.74 ft upstream from the notch. One float gage was equipped 
with a vernier, and readings were recorded to 0.0001 ft; the other was read to 
0.01 ft and was used as a check only. Velocity measurements upstream from 
the weir were made either before or after the runs at relatively high heads by 
means of wooden floats, the submerged depth of the float being adjusted equal 
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TABLE 1.—SumMMARY or EXPERIMENTAL DATA 


RANGE OF RANGE OF RANGE OF RANGE OF 
HEApD TEMPERATURE Exact Heap TEMPERATURE 
(FEET) (Decreszs F) Erglats f Runs (FEET) (DeaReEzs F) 
3 an g notch (92) 
& 3 es From: | To: | From: | To: || # From: | To: | From: | To: 
(a) UNIVERSITY OF CALIFORNIA (b) CoRNELL UNIVERSITY 
(ANGLE oF NotcH Exacriy 90°) (At, TEesTts WITH WATER) 
AC |M | 12 0.1 70 73 D | 90° 0’ 15 0.15 |2.19 zed 67 
AD |M} 12 0.12 | 0.20 92 95 || E | 60° 0’ 17 0.15 | 2.98 68 70 
DC |C } 11 0.10 |0.18 69 75 | F | 386°°52’.2 18 0.32 |3.43 71 73 
Ds (Os 10 0.12 |0.18 88 am G | 28° -4/.4 19 0.29 |3.17 68 a 


18° 55.5 23 0.18 | 3.37 72 73 


to the head. The total head used in computations was the sum of the head as 

measured by the float gage and the velocity head computed from these measure- 

ments. Discharge was measured as in the Schoder and Turner experiments. 
EXPERIMENTAL DATA 


The data in Table 2 are grouped into 20 series, one for each angle of notch 
for each liquid at a given temperature. A duplicate series number indicates an 
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entirely independent set of runs. The original data are on file at the University 
of Wisconsin, and a summary of data for each run is on fil 
Societies Library.’ 
Head-Coefficient Data and Curves.—Experimental coefficients are listed in 
Tables 1 and 2, and the data for oils A and G are shown in Hig ene phe 
829 West 39th Street, New York, N. Y. 
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curves in Fig. 7 are computed from the formula 


C.= 0.56 + sc Ss (3) 


in which B is a known constant; m and n are constant exponents; and 
W = Weber’s number. All test points within the shaded band are within 1% 
of the corresponding computed value. 
The broken line at low heads (oil A 
at 70° F) indicates the extension of 
Eq. 3 beyond its range of usefulness. 


TABLE 2.—SummMary oF EXPERI- 
MENTAL Data, Wisconsin TESTS 


At high heads the coefficient tends PANS Pambaiae 
Peas Angle ; TURE 
to become constant. Similar curves ete of (Fert) ~ |(Dzeruns F) 
plotted for all the data in Tables 1 poke 

and 2 showed that nearly all test | From: | To: | From: | To: 
points are within 1% of the corre- 904 0 80° 53.9 13 | 0.10 .35| 69.8 | 70.2 
P i (06 |0.35| 99.8 |100.2 
sponding values computed by Eq. 3, 904 100 80° 53/9 13 | 0.06 ‘40| 99.9 |100.3 
“ays 6/23] 0.15 |0.40| 64 | 68 

and that within the useful range the g9p 30° 532 |14 | 0:23 |0.50| 61 | 63 
variation of the test points from the — gga 59° 56.9 |23 | 0.15 |0.55| 62 | 67 
equation seems to be unrelated to 60D 59° 51/.0| 33 | 0.16 | 0.60) 54 | 62 
head, viscosity, surface tension, or 454 70 | 44° ecw. ea a 
; é 2 

angle of notch. 45A 100 | 44° 52’.0|25 | 0.10 |0.55| 99.2 |100.1 
45A 100 | 44° 52.0 | 32 | 0.10 |0.55| 99.5 |102.0 

45G 44° 40/0 | 22 | 0.18 |0.60| 58 | 65 

THEORY 45D 44° 40'.0| 18 | 0.20 |0.55| 56 | 60 
ce _  28A 70 | 28° 13’.1| 28 | 0.16 70.1 | 70.4 

The derivation of a general equa 38a 70 |28° 1371 | 35 | 0.16 


: ; Q8A 100 | 28° 13’.1] 24] 0.10 
tion that should be applicable to any = 334 19) | 590 13/1 | 36. | 0:10 


liquid flowing over a V-notch weiris 8G 27° 53/.0| 25 | 0.18 
: , : 2 28D 27° 55'.0|} 18 | 0.26 
aided by a dimensional analysis of the 

20A 70 |19°54.7| 27] 0.14 


problem. Although the equationde- 204 70 | 19°54"7| 9| 0.18 
20A 100 | 19° 54’.7| 33 | 0.10 


YNNMNODNA NOAUDH 
ooonmnono ooonodn 
x 
=) 
ray 
~I 
S) 
wo 
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rived (Eq. 3) is an empirical one, the 208 100 19° 54.7 | 14 | 0.10 99.7 |100.1 
Shenae a 20 19° 56’.3 | 26 | 0.18 
fact that it is dimensionally correct ite 19° 5970 [24 | 0.18 ee Male? 
should remove some objections to its 20D 20° 2/5/19 | 0.24 54 | 65 
for liquids other than those ac- 10G 10° 7.8128] 0.20 |0.80} 58 | 64 
ae ajuid 10D 10° 207.1| 33 | 0.24 |0.88} 52 | 54 


tually tested. 
The discharge Q over a V-notch «*A” denotes “oil A”; ‘“G” denotes “‘oil G’; and 

Pe a function ofthe measure- » D” d°70%s waters gap Otay coe 

ments shown in Table 3. As b and 

A are functions of the angle 6, there remain, for a notch of given angle, six in- 

dependent variables. From dimensional analysis it is known that 


&(V, H, p; Hy 0,9) = 0....-.-- Led Ror .... (4a) 


‘According to the 7-theorem (3a), a complete equation of the form of Eq. 4a 
has the solution: 


Gi acta atte =e Died, alae Tins seattle nae es (4b) 


in which 71, 72, 73, etc., are the independent products of the arguments V5; 
p, +++, and are dimensionless in the fundamental dimensional units: Force (Ff), 
length (L), and time (¢). In this case there are three terms in the m-theorem, 
each a dimensionless product of powers of the six independent variables. 


: 
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TABLE 3.—VARIABLE QUANTITIES IN THE MEASUREMENT OF FLOW 


° 3 
No. Measurement 4 Unit pir en Weir section 

a 

1 Co ges Foe COC Nr H | Feet L 

2 | Crest length (projected)...... Li| Feet Sate : L 

3 | Angle of notch (projected)....| 6 Degrees emake 

4 | Area of notch (projected)..... A | Square feet wae d 

5 | Mean velocity = Q/A........ V | Feet per second Lit 

Bic HD ONSI OY is icntd 4 tio skis emwiensaeas ies p | Slugs per cubic feet F i2/Ls ea} 

TE MHIMASGORLEV aust ste ere cue te ecko » | Pound-seconds per square foot| F t/L* 

8 | Surface tension............. o | Pounds per foot F/L 

9 | Acceleration of gravity....... g | Feet per second per second L/t? 


a Six independent variables. 


Since x = v, Eq. 4b thus becomes 


jeifeen Pe Sa 
ene) Oticn ext path aiees @) 


For a given angle of V-notch it is then possible to write: 


V a ey 
A= Vols oq ice) sional tena eeeleseas <\ aahC meena (6a) 
or 
F ke: he v o : 
O° = A V = Votan $e s( a 7) Je k. 2 wines (6b) 


0.06 =I 
7 0.04 Rin 

Gita 
0.03 NUMBER 


30 


150,400 5000 
Reynolds Number R (Thousands) Weber Number W 


Fie, 8.—Corrricient Curves ror Watsrr (56° To 62° F) Frowrna THrovuen a 45° V-Norcu WEIR 


, 


When Eq. 66 is compared with Eq. 2, a solution is obtained for the weir coeffi- 
cient C: 


The value of C for a given angle of notch, therefore, is a function of the kine- 
matic viscosity and surface tension of the flowing liquid. Since C is to be used 
to compute the mean velocity of flow and the actual discharge, the presence 
of the factor V in each of the foregoing dimensionless numbers is a serious 
disadvantage even if the functional relationship between C and the dimension- 
less products were known. It is proposed, therefore, to replace V in each of 
the products by a dimensional equivalent, Vg H. Then 
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200 1000 10000 
Reynolds Number R 


Fig. 9.—Corrricimnt Curves ror Or Firowrne THroucs a 28° V-NotcH WEIR 


Taking the reciprocal value in each case to obtain whole numbers, let Reynolds’ 
number 


gi Hi.-5 
Re eR aa e yay + A ba. se aes (9a) 
and Weber’s number 
pg H 
W = Fe aa ete echt 3 tia 4 a era (9b) 


0.08 


0.04 
50 100 200 300 
Reynolds Number R (Thousands) 


Fic. 10.—Corrricrent Curve ror Water av 56° F, FLowrne TurovuaH a 28° V-Norcn WEIR 


surface tension under the given flow conditions. However, the exact relation- 
ship between V and H is not expressed, and therefore the usual critical values 
of these numbers for pipe flow cannot be applied to V-notch weir flows. Then 


C ait age) tak Sak denitentyh aoe (10) 


ANALYSIS OF DATA 


Development of General Equation.—The functional relationship, f’’, between 

C, R, and W for a given weir must be obtained from experimental data. This 

- relationship may be one of many types, but certain well-known characteristics 

of @ are an aid in determining its character. First, C is approximately a. con- 

stant. Furthermore, it is generally supposed that viscosity plays a much more 
important réle than surface tension in determining C. 

Assume that C is a function of R alone and independent of Weber’s number, 

and that for large values of Reynolds’ number (high heads and low viscosities) 

1/R approaches zero and C approaches a constant value C;. When C — Ci 


4 
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versus R is plotted logarithmically, the points fall along a straight line whose 
equation is of the form 


in which B, = a constant. Data from tests with water flowing over a 45° 
brass V-notch are shown in Fig. 8(a). Evaluation of constants shows Ci = 050% 
B, = 2.60, and n = 0.36. Mr. Mawson (8) first expressed this relationship 
and gives an equation that can be reduced to the form of Eq. 11. 


0.20 


0.16 


0.12 


0.10 


0.08 


C-0.56 


0.04 


0.02 


“1000 
5000 10000 
Reynolds Number R 


21 


Fig. 11.—Corrrictent Cui 


Data from tests on a 28° V-notch for water and two oils are shown in Figs. 9 
and 10. Again the straight-line relationship previously noted holds true for 


Reynolds’ number greater than 850. Evidently the form of Eq. 11 is generally 


correct, but the assumption that C is.independent of Weber’s number is not 
correct. 

Plotting C-—C; against W logarithmically again shows a straight-line 
relationship, the equation for the line being of the form: 


in which C approaches a constant value Cs, and B 
; 2, 2 =a constant. Experi- 
mentally it has been found that C2 = Ci. Coefficients from tests oe in 


Fig. 8(a) are plotted against W in Fig. 8 i 
g.8(b). Evaluation of th 
that C2 = 0.56, Bz = 0.329, and m = 0.28, oe 
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Both Eqs. 11 and 12 are those of a line on a plane, the plane being deter- 
mined by the ordinate scale C and the abscissa scale R or W. It is evident 
therefore, that the straight lines that are revealed on the C-R and C-W lanes 
are traces of a line on an inclined plane surface whose three mutually per- 
pendicular axes are C, R, and W. The equation for such a line on the inclined 
plane surface is 


B 


CES Se ae eRe (13) 


+ 
Angle of V-Notch 


10°. 


Coefficient C 


0.58 
000 ; 50000 100 000 400000 
Reynolds Number R 


ISCONSIN TESTS 


The experimental data plot as straight lines on such inclined planes, one 
line for each liquid in each plane, and one plane for each angle of notch. Since 
it is difficult to show such three-dimension figures, the traces of these lines in 
the C-R plane are shown in Fig. 11. However, the position of any point 
depends on W as well as R. For a given angle of V-notch, there is only one 
value of coefficient for each set of R and W values. 

Evaluation of the constant C, in Eq. 13 has shown it to be equal to 0.56 
for all angles of notch, at least through 90°. The general equation for the 


coefficient of discharge (see Eq. 3) is C = 0.56 + — 


The values B, n, and m are functions of the angle of notch and may be 
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computed from the following equations or read from curves of these equations: 


22 
B = 0.475 + aA Re (14a) 
(tan) 
0.09 
n = 0.165 (tn) Sate Reb See RSR Oke Manet (14b) 
and Mee 7 
Te a a ben eee (14c) 


Reynolds’ Number—Coefficient Curves—Results of the Wisconsin tests 
with water and oil G are shown in Fig. 11 where R is plotted against C — 0.56. 
Plotted points indicate test values, and the lines that accompany each series of 
points are computed from Eq. 3. Fuel-oil tests at 70° F and 100° F were 
both above and below the critical range of Reynolds’ number where Eq. 3 
fails to hold true. 

Limiting Conditions for Eq. 3—The use of Eq. 3 is limited by the following 
boundary conditions: (2) Minimum Weber’s number (minimum head), (6) 
minimum Reynolds’ number, (c) minimum value of coefficient, and (d) mini- 
mum and maximum angle of notch. 

(a) Minimum Weber’s Number.—It is well known that below certain 
heads the flow over the notch ceases to jump free and clings to the downstream 
face of the weir plate. With water, heads less than 0.20 ft are to be avoided. 
However, it was possible to obtain good data for oils with heads as low as 0.12, 
indicating that clinging was probably a surface-tension effect. From examina- 
tion of the data it was found that all tests with W less than 300 did not agree 
with Eq. 3. Therefore, this value is considered to be one limiting condition 
beyond which the equation should not be used. The necessary heads to give 
W = 300 are as follows: 


Liquid Head in ft Liquid Head in ft 
WiSterscactk as sien 0.155 Oi Crauuhll gy ee 0.106 
Ol Cea, We ko nik 0.115 Oil A Sh i peer ae 
QTURING EA die esstunee OM oo 0.112 


The foregoing values are for 70° F, but change very little within the range 
of temperatures tested. The curves in Figs. 7 and 12 were stopped at these 
heads. Itshould be noted that if the jet clings to the face of the weir plate, 
Kq. 3 will not give correct results even if W is greater than the minimum value 
stated here. The minimum value of W appears to be unrelated to the angle 
of notch. 

(b) Minimum Reynolds’ Number.—Study of Fig. 13 (and similar curves for 
several values of 6) indicates that, below a certain minimum critical value of R, 
viscosity affects the flow, and consequently the coefficient, in a different mar 
ner than above that sue of R. This change in coefficient is not to be con- 
fused with that which has been discussed under the heading ‘‘Minimum Weber’s 
Number.” For example, comparison of data in Fig. 13(a) for the 28° V-notch 


_ efficient was found to decrease to ‘ 
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shows that below R = 845, C — 0.56 definitely falls away from the line of Eq. 
3. Although the break occurs at the same value of R for series at both 70° and 
100° F, corresponding heads in the two series are 0.363 ft and 0.207 ft, respec- 
tively, and the corresponding values of W are 2,840 and 1,180, respectively. 
Similar results are evident in all ee 
the tests of oil A, although the & (a) SERIES DC,OIL C 
value of R below which the vis- 69-75° F 
cosity effect changes is not the wes 
same for all angles. This criti- 
cal value may be expressed by 0.65 
the equation 


0.64 
( tan $ ) 0.63 SEER 
0.65 ; (b) SERIES DD, 
Clearly, the change in flow RE OL C 
0.64 88° F 


is due to a change in viscosity 
rather than changes in surface 
tension or head. It is also evi- 0.63 


(6; 


dent that the critical value of R= 
is much lower than can be ob- = 0.62 ees 
tained with water under any <= ay (c) SERIES AC, OIL M 
practical test and therefore need ¢ a Fe tls 

0: 


not be considered in water mea- 
surement. 


(c) Minimum Value of Co- 0.62 
efficient.—For infinitely large 
values of R and W the coefficient ee 
C computed from Eq. 3 becomes e _ (d) SERIES AD, OIL M 


equal to 0.56; yet no data ob- 0.63 
tained in these tests or any pub- 
lished have ever shown values 
that low. 

The newest tests under con- 
ditions that give large values 
of R and W are the Cornell 


0.62 


0.61 


tests (7). These test values of 0.605 eT a ae 
C = 0.56 are plotted against R Head, H, in Feet 
in Fig. 14. In all cases the co- Fie. 12.—Heap-Conrrictent Curves; CALIFORNIA 


Trusts wira A 90° V-Notca WEIR 


a minimum value and to remain approximately constant at that value for all 
greater values of R, independent of the angle of the V-notch. This constant 
value of C was 0.5886. The minimum C obtained by D. R. Yarnall (14) with 
his 90° notch was 0.5808. 

Although it appears from the foregoing data that there is a limit to the 
applicability of Eq. 3, the reason for that limit is not obvious. It has been 
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suggested by Messrs. Eaton (5) and Smith (11) that the ratios es = 


p 28 given in Table 4 influence the velocity of approach in such a manner as 
w 


and 


to counteract the decrease in C as expressed by Eq. 3 (Z = height of the vertex | 
of the notch and b, = width of weir box). It appears from the data in Table 4 


0.10 
Pe H —t Equation 3 ims | ee 
TEST DATA 10.64 
0 28-Degree V-Notch g 
-4 37-Degree V-Notch 0.62 2 
© 60-Degree V-Notch 2 
e 90-Degree V-Notch = 
Pa (yer, 0.60 8 
te ue. — 
o 2° og © 0] C=0.5886 
gee patel eu leas 
0.02 = g 0.58 
30000 100 000 1000000 6000000 
Reynolds Number R 
Frc. 14.—Reynotps’ Numper—Coerrricianr Curves; Cornett Trst 


that the experimental range of the three ratios is so great for constant C that 
there must be some factor other than the dimensions of the approach channel 
responsible for the constant coefficient. As further proof, it should be noted 
that in all cases the velocity head is a small proportion of the total head, and 
that the velocity itself, as measured by floats, at the head beyond which the 
coefficient is constant, is less than 0.08 ft per sec. 


TABLE 4.—Raneer or Data (Cornetu Tests) FoR APPROXIMATELY CONSTANT 
VALUES OF COEFFICIENT C 


ge—=.902 8 = 60° @ = 37° G1 2oo 
No. | Description - 
From: To: From: To: From: or From: Nor 
Average coefficient 0.5872 0.5856 0.5889 0.5915 
1 | Head H (ft).| 0.420 2.190 0.680, 2.976 0.862 3.431 0.982 3.172 
2 | Discharge Q.| 0.287 17.95 0.552 22.12 0.579 18.39 0.604 11.31 
CS! Seen 0.1400 0.7300. | 0.1309 0.5727 | 0.0958 0.3812 | 0.0817 0.2640 
4 | Velocity 
head..... 0.0001(-)} 0.0026 | 0.0001(-)} 0.0050 0.0001(-)} 0.0034 | 0.0001(-)| 0.0009 
ED [Liens 3 + 0.0525 0.2738 | 0.0850 0.3725 | 0.1078 0.4288 | 0.1228 0.3963 
Ge Ot 3a sia rh 0.0700 0.3650 | 0.1133 0.4967 | 0.1437 0.5717 | 0.1637 0.5283 
7 | Reynolds’ 
number...| 142,000 | 1,669,000 | 294,000 2,714,000} 450,000: | 3,498,000} 535,000 2,949,000 


Mr. Eaton shows also a dimensionless ratio H/w, in which w is the thickness 
of the crest. If a minimum value of this ratio determines the head beyond 
which the weir coefficient is constant, this limiting value should be the same 
for both the Cornell and Yarnall tests with 90° weirs. It is not the same, 
being 40.3 and 246, respectively. Apparently H /w has no important bearing on 
the limit to Eq. 3, but w alone may have some bearing, as the minimum coeffi- 
cient for w = + in. (Cornell tests) was 0.5856; and for w = 3 in. (Yarnall 


8 
tests), 0.5808. Wisconsin tests, with w = sy in., approach the latter value. 


368 V-NOTCH COEFFICIENTS Papers — 


In summary it should be stated that the coefficients decrease with increasing 
head in reasonably good agreement with Eq. 3 until a certain minimum coeffi- 
cient is obtained. For all greater heads the coefficient is nearly constant for 
w = 2; in. at approximately 0.581, which value is unrelated to 6, H, R, W, 
eT ef L 
7 by’ bp? or bo 3 

Apparently, beyond certain minimum values of R and W as previously 
mentioned, the viscosity of the flowing liquid affects the internal fluid friction 
in the jet and the surface tension affects the shape of the jet in such a manner 
as to make Eq. 3 applicable. The coefficient decreases as the head increases 
until-a change takes place, and there is no further decrease in C with all further 
increases in head, indicating that the change in flow with change in head is not 
dependent upon the viscosity or surface tension of the liquid. 

(d) Minimum and Maximum Angle of Notch.—The Wisconsin tests re- 
ported in this paper were on angles varying from 10° to 90° inclusive, and show 
good agreement with Eq. 3 throughout the entire range. 

For angles less than 28°, however, the Wisconsin tests do not agree with 
other published test data as follows—Eq. 3 is: (a) 3.2% below the Yarnall 
data for a 13° V-notch, (b) about the same amount below the Cone formula (4) 


Q =-(0.025 +-2,462 8) HG eee (16) 
which is not recommended for angles less than 28°, and (c) 34% below the Cor- 


nell data for a 19° V-notch. In Eq. 16, s = tan ns the slope of the side, and 


2 
0.0195 
ar ee (17) 
Eq. 16 has been reduced to the form / 
_ 0.5758 , 0.005845 
C= He + “RTs ole lsie o-aMe ee et ate oe Nole aMeihe rs (18) 


F. W. Greve (6) did not publish his data for a 10° notch because it was “not 
in harmony” with his other tests. When such disagreement exists among 
careful experimenters whose work agrees for the larger angles of notch, it 
would seem advisable to restrict the use of the V-notch to angles between 28° 
and 90° if good results are to be expected without an actual calibration of the 
weir in place. 

One difficulty encountered in the use of narrow angles is the determination. 
of the correct zero reading, because the geometrical point of the vertex is not 
likely to be at the actual metal point of the V. It may be noted in Fig. 15 
that Eq. 3, the Cone formula, and Yarnall test data for the 13° V-notch are in 
closer agreement at high heads where an error in the determination of the zero 
reading is of less importance than at low heads. 


Heap-DIscHARGE EQUATION FOR WATER 


When Eq. 3 is substituted for C in Eq. 2, the water discharge for a given 
angle of V-notch may be computed directly from the head because the water 


Pe 3 
ee. 
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temperature has very little effect on the coefficient. The combination of the 
two equations reduces to 


N 6 
Q= ( 2.305 ap x) tan 5) i HA es Sean Pi eM 28 ros (19) 


LEGEND 
Yarnall Test Data 
Cone Formula 
Barr Curve "| 


Equation 3] 


0.20 0.40 0.60 0.80 1.00 "1.20 1.40 
Hedd Hy in ‘Feet 


Fig. 15.—Hpap-Corrricient Curves; YARNALL, CONE AND Barr TESTS 


Values of the constants N and e are given in Table 5 for water at 70° F, 
The discharge, Q, is in cubic feet per second, and // is in feet. The minimum 


value of the ratio a is 0.090. For accuracy the head must be more than 0.155 


He 
ft, and the jet must not cling to 
. TABLE 5.—VALUES OF THE T 
the downstream face of the weir % u (the a Coneran de 
: AND € ; 
plate. : ) 
CoMPARISON WITH PUBLISHED =, Anger 
Data stant 
90° | 60° | 45° |28°047| 20° | 10° 

Water Tesis—Few liquids ~ wy | 0.068 | 0.087 | 0.102 | 0.135 | 0.167 | 0.267 

other than water have ever been e 0.588 0.582 0.579 | 0.5752 | 0.573 0.569 


measured over V-notches so Fea re ens oon 
that comparisons made with gis 
published data can reveal little 
about the effect of viscosity and surface tension on the coefficients; yet, if 
Eq. 3 is applicable for all liquids of reasonable viscosity, it must: be applicable 
for water. Head-coefficient curves for water tests are shown in Fig. 15, in 
comparison with curves computed from Eq. 3, and demonstrate reasonable 
agreement for angles of 28° and larger. 

The best known water tests on V-notches are those made by James Barr 
at Glasgow University in Scotland (2). He ran tests (2a) using a 90° V cut 
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in a 27-in. by 11-in. brass plate 35 in. thick but “filed up” so that the breadth 
of the edge was reduced to about 7g in. This group of his tests conforms most 
closely with the Wisconsin tests of Series 90D, and points from his test curve 
are plotted in Fig. 15 in comparison with Eq. 3, the Cone formula and Yarnall 
(14) test data. Above a head of 0.33 ft the Barr curve shows greater coeffi- 
cients than those computed from Eq. 3, the maximum difference being about 
0.75% as plotted; yet, if it is true that the Barr curve should decrease with 
head to a minimum value of C’= 0.5840 and remain constant for all larger 
heads in agreement with boundary condition (c) (see under “Analysis of Data: 
Reynolds’ Number—Coefficient Curves’’), a not unlikely condition, as may 
be seen from Fig. 9 by reference to Mr. Barr’s paper (2a), the maximum differ- 
ence would be less than 0.5%. 

The Yarnall data also agree well with Eq. 3, being within 0.5% of the line 
for all runs on the 90° notch and, except for a few runs, within 1% on both the 
53° and 27° notches. Eq. 3 is slightly higher than the data for the 53° notch 
and slightly lower than the data for the 27° notch. The Yarnall data for the 
13° notch are about 34% above Eq. 3 for the same notch, as previously dis- 
cussed. It should be noted that, in computing R and W for these data, it 
was assumed that the temperature of the liquid was 65° F, which corresponds 
with a unit weight for water of 62.34 lb per cu ft as recorded. 

The Cone formula (Eq. 16) was developed from tests on brass plates with 
zs-in. or z-in. breadth of edge, the latter being the same breadth as used in the 
Wisconsin tests. This formula gives values of C greater than those computed 
by Eq. 3, although the agreement is within 1% for the 90° notch. However, 
except for the 13° notch, the Yarnall data are in closer agreement with Eq. 3 
than with the Cone formula. 

Within the range of applicability, Eq. 3 checks head-coefficient data for 
the Cornell tests fairly well, particularly for both the 28° and 90° notches. 
The data for the 60° notch were lower than computed, and for the 37° notch 
higher than computed. With the exception of a few runs, all the data were 

“within 1% of Eq. 3 where it is applicable. 

Data by Professor Greve on tests at Purdue University caused him to con- 
clude (6a): ‘Apparently the coefficient is dependent upon head and inde- 
pendent of size [of notch].” The latter conclusion is contrary to the conclu- 
sions of this paper. His average coefficients for angles of V-notch between 20° 
and 120° are plotted in Fig. 16 in comparison with curves computed from Kq. 3 
for V-notches of the Wisconsin tests (Series D). Professor Greve used soft 
steel plates as compared with the bronze used by Mr. Yarnall and brass as 
used by Messrs. Barr and Cone, and the writer. 

Oil Tests.—The California tests on oil are the only ones that have come to 
the attention of the writer, on liquids other than water, and hence may be 
used as a check of Eq. 3 in so far as major viscosity and surface tension effects 
are concerned. Results of the California tests are plotted in Figs. 12 and 17. 
ee a pe rab cose oe test data, and for comparison the line 
variable (as oni be ex ea i “ fils Wis Feb: ney Bae 
| ae ee - at low eads), the coefficients are nearly all 

70 q. 3; yet the variation in viscosity and surface tension in the 
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group of tests caused a 3.6% change in coefficient at a head of 0.18 ft, and the 
tests with the most viscous oil showed an increase in coefficient of 5.5% over 
that for water at the same head (0.18 ft). Since the surface tension of the oils 
tested varied as well as the viscosity, and since the ratio of surface tension to 
viscosity varied also, the agreement is considered satisfactory. 
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Temperature Effect—The effect of change of temperature on the flow of 
water over a V-notch is included in Eq. 3. Computations made for a head of 
0.50 ft on a-90° weir give values of C as follows: 


C Temperature 
Ce SG) eater croc ter sencksronn fone 2 a 40° F 
(EVID 5 Por eacthte ty footie apa (AO ABs 
(MOR. Cs Ween cure eer o air 165° F 


The coefficient decreases 0.34% between 40° and 70° F. 

F. G. Switzer, M. Am. Soe. C. E. (12a), concludes that ‘the effect of water 
temperature is inappreciable compared with other factors present” after tests 
on 90° and 54° V-notches with water at 39°, 83°, 119°, and 165° F; yet he also 
states (12a) that ‘‘no point is more than 2 per cent from a mean and the great 


qi 
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majority of the points are within 1 per cent of the mean.”” Since the total 
change in C by Eq. 3 for this temperature range is but 1%, it is possible that 
the temperature effect may be hidden byfother variables. 


CONCLUSIONS 


(1) The coefficient of discharge for a V-notch weir, C in Eq. 2, is a dimen- — 
sionless function of Reynolds’ and Weber’s numbers. The coefficient may be 
computed from Eq. 3, in which Reynolds’ number and Weber’s number are 
defined by Eq. 9. The coefficients B, n, and m in these formulas have constant 
values for a given angle of notch. They may be computed from Kq. 14. 

(2) Test data indicate that Eq. 3 is limited in its application as follows: 

A. Lower Limits—(a) The value of Weber’s number must exceed 
approximately 300. For water the head should preferably be greater than 
0.20 ft, and in any case the liquid must not cling to the downstream face 
of the weir plate. (6) The value of Reynolds’ number must exceed a 
critical minimum value of approximately baer Ee a3: Tests with water 

(ton 5 ) 
always exceed this minimum. 

B. Upper Limit—Coefficient C never will be less than a certain 
minimum, depending on the conditions of test. Minimum values for 
published test data are within 1% of 0.585. The lowest obtained was 
0.5808 by Mr. Yarnall. Coefficient C remains constant for all values of 
R and W beyond that at which the minimum C occurs. 

C. Limiting Angles——Eq. 3 is applicable for angles at least 28° to 90°, 
inclusive, and has been found to hold true for 10° and 20° V-notches tested 
by the writer. 

(3) A head-discharge equation for the flow of water over V-notches is given 
in Eq. 19. ; 

(4) Comparison with data by other experimenters is satisfactory. 

A.—Water test coefficients by Messrs. Barr, Yarnall, and Ho and Wu 
are nearly all within 1% of those computed from Eq. 3 for angles from 28° 
to 90°, inclusive. ; 

B.—Oil-test coefficients obtained at the University of California are 
within 1% of those computed from Eq. 3, although in extreme cases the 
values are 5.5% greater than those for water at the same head. 

(5) The change in viscosity and surface tension when the temperature of 
water is increased from 40° F to 70° F is sufficient to cause a decrease in the 
computed discharge coefficient of 0.34%. Increasing the temperature from 
40° F to 165° F decreases the computed C about 1%. 
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APPENDIX 


=< = \ 


NovraTIon 


The following letter symbols, used in the paper, conform essentially to 
American Standard Letter Symbols for Hydraulics, prepared by a Committee 
of the American Standards Association, with Society representation, and 
approved by the Association in 1942:° 

A = area of cross section; 

B =a coefficient: By, Bs, -+: Bz = constant coefficients for any given 
weir angle; 

b.» = width of channel; 

C = V-notch weir coefficient: C; and C. = constant weir coefficients for 
large values of R and W, respectively, equal to 0.56; and C, = a 
constant weir coefficient for values of R and W equal to 0.56; 


= coefficient = Q/h?-*; 

= a constant exponent for any given weir angle; 
= a function; 

= a force; 


= gravity constant; 

= hydraulic head, in feet; 

= a length; 

= a constant coefficient; 
a constant coefficient for any given weir angle; 
= a constant coefficient; 

= flow, in cubic feet per second; 

= Reynolds’ number; 

= slope of the side of a weir; 

= time; 

= velocity = Q/A; 

Weber’s number; 
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= thickness of the crest of a weir; 

height of the vertex of a notch; 

notch angle; 

viscosity ; 

kinetic viscosity; 

11, 2, etc. = independent products of the arguments V, H, p, ete.; 
density of liquids; and 

surface tension. 
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HYDRODYNAMICS OF MODEL STORM SEWER 
DINGS eAPPLIED <1O! DESIGN 


By Gls. aAAPLEY, Assoc. M.-Am.-Soc, C. E. 


SYNOPSIS 


A technique is developed in this paper by which it is possible to apply 
experimental results from 35-scale models of side-opening storm sewer inlets 
to the design of full-size prototypes. The method is applied to design in a 
single case, the development and presentation of design data for various other 
shapes, slopes, and dimensions being reserved for the future. 

The phenomenon of flow into an inlet is characteristically gravitational in 
type, but the small depths of flow in the model suggest that the effect of vis- 
cosity is also important. Lateral deflection of the flow is an additional 
characteristic. 

An equation was thus sought and obtained describing the portion of the flow 
entering the inlet in terms of Froude’s and Reynolds’ numbers and the moment 
of pressure and moment of momentum. The development of the form of the 
equation was facilitated by an analytical determination of boundary conditions 
corresponding to infinite and zero approach velocity. 

Total differentiation yielded an: expression in which Reynolds’ number has 
an arbitrary value with respect to viscosity. A Reynolds’ number of proto- 
type magnitude, but with model velocity and linear dimension, was thus 
selected, the value of the coefficient of viscosity being computed. Integration 
by means of planimeter and the use of flow-distribution relationships yielded a 
result which represents flow in the model similar to flow in a prototype with 
regard to both Froude’s and Reynolds’ laws. ’ 

In developing the basic data important facts regarding flow distribution in 
the channel upstream from the inlet were discovered. 

Notation.—The letter symbols in this paper are defined where they first 
appear and are assembled for reference in Appendix B. 


Nore.—Written comments are invited for immediate publication; to insure publication the last 
discussion should be submitted by July, 1942. 
1 Junior Civ. Engr., Bureau of Eng., City of Los-Angeles, Los Angeles, Calif. 
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J.—GENERAL 


The action of prototypes can often be predicted from the observed operation 
of models together with the application of a single law of similarity, such as 
that of Froude or Reynolds. In other instances, such as in open-channel flow 
and ship-model work, no single law can be considered as being exclusively 
applicable. 

The present case deals with the development of a technique for applying to 
the design of prototypes the experimental results from 3'-scale models of side- 
opening storm-sewer inlets of a type shown in Fig. 1. Flow approaching the 
inlets is turbulent and gravity is the principal force; Froude’s law evidently is 
important. On the other hand, depths of flow in the model varied from about 


-— ie) 1 
3 te tee 
Surface Above S 2 0 0.1 
S ; 
Normal Street an 3 Vertical Scale, in Feet 
“— 


Surface 


Approach Flume 


Center Line Overflow 
of Inlet Trough 
to Weir 


Straigh 
ade 


[ERO 
id 


(c), SECTION AT CENTER 
LINE OF INLET 


e (=0.0425) 
(b) PROFILE "Ste Trougn 


AAARARARANANRARARRRAARARRR 


Fig. 1.—Srorm-Srewer Inuet; 3/32-Scate 


2 in. at the curb to film thickness at the outer edge of the stream; serious doubts 
would exist as to the validity of results in which the effect of Reynolds’ number 
had been ignored. Flow approaching the inlets (except on streets with slopes 
flatter than about 0.005 ft per ft) is further characterized as being of the 
shooting type (velocity is greater than wave velocity). The flow, moreover, 
is wide in relation to depth and undergoes a lateral deflection in entering the 
inlet; a change of angular momentum js involved. 

The development of technique described in this paper makes use only of the 
data necessary. Development of the remaining experimental data covering a 
range of shapes of depression, slopes of street, lengths of inlet, etc., remains for 
the future. The data utilized include only cases involving Wiree How? at the 
lower end of the inlet. In this type of flow that portion of the water, if any, 
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(b) Considerable Backwater Effect 
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which passes the lower end of the inlet has a velocity greater than wave velocity. 
Free flow is differentiated from “backwater effect,” a condition that occurs 
when a backwater wave extends upstream of the lower end of the inlet. Fig. 2 
shows two views of actual full-size inlets. The inlet in Fig. 2(a) has no local 
depression. There is a small gutter rise below the inlet, and no backwater 
effect. The flow, Q:, is 0.9 cu ft per sec. In Fig. 2(6), on the other hand, 
there is a local depression and a 6-in. or 8-in. gutter rise below the inlet. Con- 
siderable backwater effect is evident. Fig. 3 shows four views of the model 
with various stages of backwater effect. For example, Fig. 3(a) is a view facing 
diagonally downstream toward the inlet. The approach flume is in the fore- 
eround, and the overflow notch is directly below the hammer. Fig. 3(0) 
represents flow conditions for a heavy backwater effect; and the limiting con- 
ditions for backwater effect, with the wave at. the lower end of the inlet, are 
shown in Fig. 3(c). When the backwater wave occurs downstream from the 
inlet, its effect misses the inlet, as shown in Fig. 3(d). 

The local depression or approach apron adjacent to the inlet is of a type 
adopted on a basis of experiments made in 1926 and 1927.? 

Under the wide variety of conditions encountered in practice the accumula- 
tion of a number of isolated full-size measurements of capacity is practically 
worthless, and the advantage of a small model must be evident. The recent- 
ness of the development of model experimental technique, no doubt, accounts, 
in part, for the fact that no satisfactory solution of the problem (so far as is 
known) has been obtained heretofore. With an estimated $50,000,000? to be 
spent for storm drains in the vicinity of the City of Los Angeles, Calif., alone 
over a period of years, the economic importance of the problem is apparent. 
Moreover, a reexamination of the designs of existing installations probably will 
disclose instances in which the benefit of a part of investments already made in 
conduit systems is not being realized because of insufficient inlet capacity. 


IJ.—APppaRATUS AND TECHNIQUE 


The principal apparatus consisted of a tilting framework (permitting varia- 
tions of slope from zero to 10%) supporting a stilling tank, an approach flume, 
and the model depression and inlet. The plan, profile, and cross section of the 
latter are shown in Fig. 1. The approach flume was 10 ft long. (This length 
was sufficient to insure “developed” flow at the depression as evidenced by a 
series of tests.) It represented, to scale, one half of a parabolic-crowned pave- 


ment, 36 ft wide, having a crown height of 0.45 ft. A false curb prevented — 


water from spilling out of the flume at the crown side. The equation of the 
model cross section is 


, @ — 1.688)? = — 67.0 (y'—.0.0425)..5.: 0... (1) 


in which y and z are as shown in Fig. 1. The flume was paved with a patented 
wallboard of glazed finish, which was nailed to templates cut to the proper 
section. The whole was made waterproof with spar varnish. Adjustments, 
Oe ee OD 


2 See ‘Increasing Stormwater Inlet Capacity by I 
and G. 8. Tapley, Engineering News-Record, J ay trate ery 


3 Los Angeles Times, June 10, 1939, p. 6. 
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for warp and sag in the flume, were made by means of the adjusting screws and 
wedges supporting the flume on the framework. Local adjustments in the 
flume pavement were made by sandpapering high areas and filling in low ones 
with lacquer putty or lacquer. 

The pavement of the lower end of the apparatus which contained the 
depression and inlet was formed from two concrete slabs. The outer, L-shaped, 
“permanent” slab was supported on three adjusting screws attached to the 
tilting framework. These screws adjusted the slab to a slope different from 
that of the flume, when necessary, thus varying the approach velocity in the 
experiments. The L-shaped slab contained the orifices for gages A, B, C, D, 
and E. The slab itself was formed to normal section throughout, the part 
having a surface above normal (Fig. 1) being built up with plaster of Paris. 
This was chipped off and rebuilt when models of different length were installed. 
Gage E, Fig. 1, in such cases was also moved to keep the standard distance 
from the endboard. All joints were kept smooth and watertight with a mixture 
of beeswax and resin. 

The other slab forming the pavement of the lower end of the apparatus was 
a rectangular one containing the depression. This slab was supported on three 
adjusting screws attached by brackets to the L-slab. The slab was so formed 
that the gutter line rises to crown elevation at a point, 12 in. downstream from 
the lower end of the inlet. (The crown elevation is 0.0113 ft higher than the 
normal elevation, which corresponds to an actual street with its curb face 8 in. 
normally and 4 in. at the center of the curb return.) For the present case—free 
flow—the contour of the pavement below the inlet has no effect on flow entering 
the inlet. Indeed, the contour in that region has little influence on flow entering 
the inlet even in case of backwater effect, the principal factor then being the 
elevation of the backwater surface. 

Depth gages A, B, C, D, E, F, and G, Fig. 1, consisted of copper tubes, 3%; in. 
inside diameter, whose orifice ends were carefully set flush with the surface of 
the concrete, and which were connected to stilling wells where the water surface 
elevations were read by means of a point gage. The zero-flow readings of the 
gages were obtained by wiping water from the orifices until the menisci were 


perfectly flat, thus avoiding the effect of surface tension. Usually an average — 


of at least three readings of the zero points during a day’s run was obtained. 
Total flow, Q:, approaching the inlet was measured by means of an orifice 
meter calibrated by weighing. The excess flow, Q., or flow passing the inlet 


was measured by means of a 15° V-notch weir (also calibrated by weighing) and ° 


the inlet flow was found by subtraction. 

Data on horizontal Q-distribution were obtained in a separate series of 
experiments by intercepting the flow in the normal channel between thin ver- 
tical vanes set 2 in. apart (except near the crown where the spacing was wider) 
and volumetrically measuring the flow between each pair of vanes over a given 
time interval. The depths necessary for computing velocities from the dis- 
charges were measured by gages A, B, C, and D, Fig. 1. 

The procedure for leveling the apparatus was first to set the flume by means 
of grade marks near the upper and lower ends of the flume, then carefully to 
level the L-slab into approximate agreement with the flume. The next step 
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was to adjust the lower end of the flume so that the joint was flush, ignoring 
the small departure from the lower flume marks. Adjustments in leveling 
the concrete were made until the difference in elevation between gages A and D, 
and between D and H, was correct to within 0.001 ft. This quantity was used 
as a criterion for acceptable accuracy throughout the model and lower end of 
the approach flume. 

Readings of the gages were taken at time intervals of sufficient length to 
insure the existence of steady conditions, the weir being the controlling factor. 
Five minutes between weir readings was found to be a satisfactory interval. 
The maximum total flow in each set of readings was about 0.1 cu ft per sec, 
and the minimum about 0.02 cu ft per sec. The usual procedure was to turn 
on a flow of about 0.12 cu ft per sec for about 5 min, decrease the flow to about 
0.10 cu ft per sec, wait for 2.5 min, locate the valley wave (a wave near the 
valley), read the orifice meter, read gages A, B, C, D, and E, and last, read the 
weir gage. Flow was then decreased in 6 or 8 stages at 5-min intervals to the 
minimum discharge. By this procedure the uneven effect of capillarity and 
surface tension on previously unwetted surfaces was avoided. 


III.—THEoRY 


For a fixed depth, ao, and a known flow distribution in the channel upstream 
from the inlet, the ratio 


describes the flow within a distance 2; from the curb and represents a relation- 
ship between pressure and velocity patterns. In Kq. 2, 2 P is the moment of 
pressure, and U is the moment of momentum per second, or angular momentum 
per second, at the approach section, taking moments about the curb, corre- 
sponding to a filament of flow within a distance 2; from the curb. 

The nature of K may be purely “distributional,” or without regard to inlet 
flow; or it may be “gravitational,” in which case the outer boundary of the 
filament of flow included coincides with the outer boundary .of the inlet flow. 
In the latter case it must be evident that the value of K will depend upon the 
forces that act on the fluid as it passes from the approach section to the inlet 
lip. These forces may be described by means of a function of Froude’s and 
Reynolds’ numbers, and shape factors: 


K = $(i,h, p, 9, My Mo, d, t, Cs)... -- M SeoNd! carer wie (3a) 


in which 0 ( = ) is the average velocity of the water particles within a 


pQ 
distance z; from the curb; G = momentum per second; p = mass per cubic foot; 
and h is the fall of the water in passing from the approach section to the inlet 
lip. (The approach section was located 0.0625 ft upstream from the local de- 
pression, and thus a small part of the total fall represents fall in the approach 
channel. Depths were measured at a section 0.125 ft upstream from the de- 
pression. For cases in which the approach flume had a slope different from 
that of the model or the depth in the approach flume was greater than critical 
depth a small error in h is present.) Standard dimensional-analysis procedure 
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now yields 


K = W(F,.R, Ao, D,.T, Os)2 « ope + Hones ee (3b) 
in which Froude’s number is ns 
me ee et a 4a 
F Thee woe (4a) 
Reynolds’ number: ¥ 
gp flh bate Sa (4b) 
Vv 
the approach-depth number: 
phd NY SRP Pie em i (Ce 
Ao ho (4c) 
the depth-of-depression number: ; 
; ee ty cae tM i Oe ae 4d 
D ae (4d) 
the roughness number: 
t 
Be sh ipy ust BOE os a 4 
T po (4e) 
and 
C.= 3 et ee (4f) 


which is the number representing that part of h due to the normal slope of the 


model. 
Variations in the ratio Ao cause changes in the geometrical shape of the 


TABLE 1.—ExprerimentaL Data REQUIRED FOR AN ANALYSIS OF FLOW 
(The Approach Depth ao = 0.0460; and Area = 0.0298) 


LONGITUDINAL Stops, Ss, or APPROACH FLUMBE: 


Symbol Remarks 
0.01 0.02 0.04 0.06 0.02 0.02 
d 0.0313 0.0313 0.0313 0.0313 0.0625 
h 0.1001 0.1001 0.1001 0.1001 0.0688 0.1313 
Qs Fig. 4 0.0436 0.0613 0.0864 0.1063 0.0613 0.0613 
Qe Fig. 5 0.0197 0.0377 0.0617 0.0835 0.0487 0.0236 
Q Qe — Qe 0.0239 0.0236 0.0247 0.0228 0.0126 0.0377 
Q/Q “ee 0.549 0.385 0.286 0.214 0.206 0.615 
zi/zt Fig. 6 0.217 0.141 0.102 0.076 0.072 0.252 
zi (zilzs)EX ze 0.367 0.239 0.172 0.129 0.122 0.4265 
Qe Bis 0.00190 | 0.00375 0.00747 0.01130 0.00375 | 0.00375 
Ga Fig. 7 42.9 2 16.8 7 47.7 
G GX Q 0.0816 0.1129 0.1657 0.191 0.0589 0.1790 
o 1p Q 1.761 2.468 3.461 “31% 2.412 2.447 
v Qt/area 1.46 2.05 2.89 3.55 2.05 2.05 
F e/g h 0.963 1.892 3.720 5.81 2.632 1.421 
1/F 1.038 0.5285 0.2688 0.172 0.3797 0.703 
zP Fig. 8 0.00254 | 0.00132 0.00076 0.00043 | 0.00039 0.00312 
U1 Fig. 7 7.47 3.51 1.93 11 1.00 27 
U Ui X Q% 0.01419 | 0.01316 0.0144 0.01254 0.00375 0.03472 
K z P/U 0.1790 0.1003 0.0527 0.0343 0.1040 0.0899 
» X 108 49 i 14.37 14.37 7 13.3 
a a hiv (11,810) | (18,030) se) (29,970) (13,070) 24,150) 
: i 0.12 
ai 0.0296 0.0349 0.0379 0.0397 0.0401 0.0273 
ai g/2 v2 0.153 0.0919 0.0508 0.0343 0.111 0.0731 
1/F)0-5 1.017 0.727 0.518 0.415 0.616 0.838 
(1/F)1-5 1,062 0.383 0.139 0.0712 0.233 0.589 
(1/F)2 1.08 0.279 0.0723 0.0297 0.144 0.494 
ai/Zh 0.148 0.1745 0.1895 0.1985 0.292 0.1041 
3/Q meee 40.4 40.3 40.1 40.5 39.3 39.9 
1—Q sae 0.0197 0.0377 0.0617 0.0835 0.0497 0.0236 


naan Rana... 


. 


March, 1942 STORM SEWER INLETS 383 


approach-flow cross section. Analysis can best be made, therefore, by covering 
the desired range of values of the ratio in a series of steps, each step of which 
represents a constant value of Ao 

Moreover, ¢; is constant so long as S, z, and J are constant. When, also, 
dis constant, h is constant, for, 
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Fic. 4.—Dzpta AND DiscHarGE Data 


The magnitude, t, of the roughness protuberances was not varied in the model. 
(The results in this case apply to a prototype whose’ roughness particles are 
geometrically similar to those of the model. When, in the model, h is varied 
by varying d or a the relative roughness varies although ¢ itself is constant.) 
Under these conditions Eq. 3b reduces to ‘ 


or, in product form, 

T= Tif BBN Reto ree sie le Phe = (tm Aves (6b) 
This cannot be reduced further to simpler form, since (in the absence of varying 
v or g) F and R vary simultaneously. The next step after preparing data in 
suitable form is to insert values in the equations and determine the forms of 
the functions, a(F) and 6(R). 


IV.—PREPARING THE DATA 


The experimental data required for an analysis of flow at the approach 
depth ao = 0.0460 ft are given in Table 1. Comparison can be made in 
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the table between the average velocity 0 and the apparent average velocity 
erst, total discharge _ 
: total area 
Values of Q; in the table were taken from Fig. 4 which represents the aver- 
aged result of a large number of depth, Q:, observations. The averaging of 


0.08 
(a) Sp=0.02; d VARYING; n=0.95 
| 


0.07 d=0.0313 


A Degrees 
Symbol Date Time ear renhalt 


14-37 11:58to 1:14 53 
1-8-37. 12:36to 1:19 47 
18-37. 1:38to 2:26 47 
3-25-37 11:37to 12:05 57 


d=0,0000 
2-17-37 10:18 to 10:48 57 


o 
0.06 


8 
o 
© 


slwalw flo 8 4 


0.05 


0.04 d=0.0625 
2-3-37 12:02 to 12:54 


0.03 
y J i re Range 
~ 0.02 
5 Scrat 0.07 
vv 
ov 
3 0.01 
© 
iy at Lower 
0 fs Inlet 


0.04 


0.03 


(b) d=0.0313; Sy poe 


Degrees 
0.02 Sf at Date Fahrenheit 


0.01 0.95 1-10-37. 47 
0.04 0.95 1-11-37. 49 
6.01 }-Slight Backwater > 0.06 0.95 1-13-37. 49 
Effect 7 0.06 057 © 1-13-37 49 
0.02 from Figure 5¢ 
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Vajlwe'st (of Ose 


Fic. 5.—Exprrimentat Frow RELATIONSHIPS 


depth-Q; data was made necessary by the considerable dispersion of values. 
In the averaging process a cross slope of the water surface, which seemed to 
be systematic and to increase with S;, the slope of the approach flume, was 
eliminated, and the resulting surface was made transversely level. The con- 
sistency of relationships described subsequently indicates acceptable accuracy 
of the resulting average. Slight discrepancies exist between tabular values of 


; 
; 
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Q; and those of Fig. 4 because of recomputing and redrafting the figure. Slight 
backwater effect existed in the cases: d = 0.0313, S; = 0.01; and d = 0.0625, 
S; = 0.02. The process of obtaining the average depths in Fig. 4 is described 
in a comprehensive manuscript entitled ‘“Depth and Distribution Data for Flow 
in Model Street,’”’ by the writer. This material, with supporting experimental 
data, has been placed on file in the Engineering Societies Library.** The 
latter manuscript also contains the derivation of the distribution of Q/Q; (Fig. 
6) and hydrodynamic quantities shown in Figs. 7, 8, 16, and 17. 

Values of Q. in Table 1 may be taken from Fig. 5(a), representing a con- 
stant value of S; and three values of d, and from Fig. 5(6), representing a 
constant value of d and various values of Sy selected to vary the approach 
velocity. The slope, S, of the model itself was held constant for the present 
set of data. The small dispersion of data representing the several separate 
settings of the apparatus indicated by the different symbols along the curve 
for d = 0.0313 in Fig. 5(a) indicates the good consistency which was character- 
istic of such data. The apparatus was set at a large number of different slopes 
and adjustments in the period between the two extreme dates given in Fig. 5(a). 

Values of Q, the inlet flow, were 
obtained by subtracting values of Q. 


from those of Q;. Values of Q: were 


Q 

computed. The values of A inTable 2 

t " 

1 represent gravitational quantities We 

as distinguished from distributional 
ones. 

Fig. 6 shows distributional values 

of & for do = 0.0460. The graph has 
t 


been made dimensionless by using 


of 


Values 


Ph aes : 
values of the ratio a for abscissas. 
t 


In working up data for the figure it 


; ’ ) 
was found that the ratio os fora given 0 0.2 0.4 0.6 0.8 
Q Values of SA 
Zi 
value of e is constant for all values Fic. 6.—DrstRipuTIon VAeoae or Q/Q: FoR 
t ast 


of Q, to within a very small limit of 


error. (rt is also true that ois constant for constant values of a.) Hence, 
t 
let 
@ (7) 
0, KM Fi lca gh £ soete Cte s 


a constant for a given value of 2:. 
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The consistency found in the ratio Q for different values of Q; and given 


Q: 
values of ao confirms, to some extent, the accuracy of the depth-Q: results 
obtained by the averaging process mentioned. The fact that the value of the 
ratio is known for all values of Q;, and hence for Q; = 1.000, makes it possible 
to use a single set of distributional curves in calculations. 

Designating by the subscript 1 quantities corresponding to Q; = 1.000, it 
will be shown that the required quantities G and U can be expressed in terms 
of G, and U,, respectively, and Q%. It is convenient to introduce at this point 
distributional expressions for the various quantities: 


In Eq. 8, v represents the velocity at any value of z within the limits of the 
integral, a is the depth at that point, and 2; is the distance from the curb to the 
outer boundary of the filament of flow considered. (Actually v represents the 
apparent average.velocity in a vertical line and not the velocity at a point. 
The integral—Eq. 8—therefore does not strictly represent the momentum of 
all the particles. It was deemed to be permissible to ignore vertical variation 
of velocity.) The value of z; corresponds to the outer boundary of the inlet 
flow when the quantity represented by the integral is a gravitational one. 

Otherwise 2; refers to any desired point in the channel. Continuing with dis- 
tributional expressions: 
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By Eq. 7, Q = x Q:; so that 


dQ _ dk 
my Q: Genes (10) 
A differential of discharge can be written 
CO re 0i ay ehe. Oe Sigh sn, . ame ak (11) 
It follows, then, that 
1dQ 
; UO esses (12a) 
Hence, by Eq. 10, 
1 dk 
OP a Qt dz pons a OG oO Gora Of Ovo Gipyge aiDeo « (12b) 
in which the quantity 
(3) 
dk Q: 
ee AAD ago Griese Seba paaros eae 13 
dz dz ay 


represents the slope of a graph like Fig. 6, but having 2; instead of - for ab- 
t 


scissas. The value of » in Eq. 12b can thus be determined by a process that is 
theoretically exact. The accuracy of the result depends only on the accuracy 
of the data and the accuracy with which the slopes of the graph can be scaled. 
Therefore, the method does not involve the systematic error which results 
when, for example, it is assumed that the velocity at the midpoint between a 
pair of the vanes used in the distribution experiments referred to equals the 
increment of discharge divided by the increment of area between the vanes. 

Putting the value of v from Eq. 12b in Eq. 8, keeping Q; outside the integral 
sign (since Q; is not a function of z) and canceling a, the result is 


ot Lde\ 
Ga= pt)? fa poh 
p if (45) FE er eh ea (14) 


The quantity under the integral sign is purely a function of z so that, when 
Q; = 1.000, Eq. 14 becomes 


Hence, 
Goa GTO Dat ee are ees (15d) 
From Eqs. 126 and 9e, 
v= [ 2( A Cee ten ee (16a) 
o a\ dz 
so that 
U — U; Q?, AP og SA athe MP oR Cokie, hears OMe rome a! (166) 
By Eq. 12b, when Q; = 1.000, 
1dk 1, 
pets ae Satake ee Sear (17) 


| 
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Values of were scaled from a curve similar to Fig. 6. A graph of v; is shown 
in Fig. 7. Values for the graphs of G,; and Ui; in Fig. 7 were obtained by 
plotting values of 
dG _p oo) 
aa: a ( Aes) eo eee (18a) 
and 
dU, dG, 
PP ae as @) oo we ss 0 1s oe eue vie stale wie ene (186) 


against values of z and measuring the areas under the curves by means of a 
planimeter. 


Values of Q; are represented by the ordinates in Fig. 6, and, using 
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Fig. 7.—Disrrisvtion Data FoR ap = 0.0460, Q: = 1.000 


the values of G, from Fig. 7, values of 5; are obtainable by dividing G; by p Qi, 
and are plotted in Fig. 7. Values of Z P in Fig. 8 were likewise obtained by 


measuring the areas under the graph of z a as a function of z. 


ei. 
From the experimental values of 7, in Table 1 and the graphs in Figs. 5 


to 8, the other necessary gravitational data f 


or beginning analysi - 
tained, and these are shown in Table 1. ‘ . ee, ae 


“a 


paar nee 
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V.—ANALYSIS 


Form of the Function of F.—Since the phenomenon of flow into an inlet is 
principally gravitational in character, and since the flow is turbulent rather 
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Fic. 9.—Corresronpine Values or K, 2, AND 2: FOR do = 0.0460 anp d = 0.0313 


than laminar, K, in Eq. 6b, should vary principally with F, and to a minor 
extent with R. The independent variable K is shown as a function of 0 and 
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z;in Fig. 9. Various flow relationships are shown in Fig. 10 and, in Fig. 11, K 


P é aie eat a(zy 
is shown as a function of F, and of F Fo\p) -and(s)- 


It is evident from Fig. 11 that K can be represented nearly by a straight- 
line function of - (Since F represents the principal force relationship only 
simple exponents of ; are rational, because the exponents of velocities involved 


must represent physical quantities such as energies, momentums, etc.) More- 
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Fie. 10.—Various Firow RELATIONSHIPS (a9 = 0.0460; anv d = 0.0313) 


over, the graph passes through the origin so that in the region of high velocities 
an equation of the form 


constant 
Moar 7 Rags) = constant xe OR eee (19) 


is correct. This form is also correct when g varies, because the left-hand 


« “Engineering Mathematics,” by Charles P. Steinmetz, McGraw-Hill Book Co., Inc., 1917, p. 213 


4.0 5.0 
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member is 


In the region of low velocities, for an inviscid fluid, the right-hand member 
of Eq. 19 approaches infinity. By Eqs. 9f and 16a, the left-hand member is the 


distributional expression 
2a le 2 
5 2 a? dz 
a die 2 Jo 


CES hae Lie ee EARWA DR Sees vahe ewe: (21) 
a PG) 


When 0 approaches zero, Q; (the flow in the approach section between the curb 
and the crown) approaches zero. As the velocity, 0, of flow entering the inlet 
decreases, the corresponding value of 2; increases. If the maximum value of 
2; is finite (as in actual fact it must be), then the denominator of Eq. 21 ap- 
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Frq. 11.—K as a Function or Various Powmrs or F (ao = 0.0460; AnD d = 0.0813) 


proaches zero while the numerator is finite. In this case, K, the left-hand 
- member of Eq. 19, also approaches infinity so that the form of this equation is 
again satisfactory. 

Theoretically, z; can increase to values greater than those of 2; if the crown 
board is removed and the channel is extended laterally at crown elevation. 
Since the depth in the extended part is constant (= a-), the velocity will 
become practically constant and equal to v. a short distance beyond the 


crown. The values of the integrals in Eq. 21 then become infinite so that 
K= 7 = _ This indeterminate quantity can be evaluated by differentiat- 
(ee) 


ing under the integral signs. (Each of the integrals is a function of 2;, its upper 
limit, considered as a variable. Moreover, z can be substituted for 2; so that, 
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for example,® f za’dz = f(z), and Le) =za*.) Eq. 21 then becomes 
0 


when Q; = 0. In either case, therefore, K becomes infinite as 0 approaches 


zero ( : approaches infinity ) : for the time being it can be assumed that the 


form of function of F in Eq. 19 is correct. 
Form of Function of R.—The form of function of R can now be studied by 
investigating the variation of K F with respect to R, since, by Eq. 19, 


K Rix f(R) ohes te ae). tek ye (23) 


It can be shown at once that the function of R is not of power form, such as 


f(R) =cr =c (2) 4 cide depots deavaien phd (24) 
because, in this form, when v = 0, as in the “perfect fluid,” 
wR OF AS a 
x = ¢ (24) $7100 pons Ayes att hance ie tne (25) 


for any positive value of n—a manifest incongruity. Negative values of n 
yield the equally absurd relationship K = 0 when p = 0. 

Further investigation of the form of the function of R will be facilitated by 
an analytical investigation of the limiting values of the distributional expression 
for K F. This expression is 


2% 2 Zt 
: i va dz 1 / dk)’ 
¥ [AS 0 2a a is dz 
20 dz| ———_—_ za? dz poh eh Wile hd oe 
JQ 0 


zi 


va dz 


0 
KF= z Fig i : -. (26) 
pon { zvadz nf (ad) a 
0 0 6 dz 


canceling Q;. Hence K F is independent of Q;, a fact also confirmed by experi- 
mental data. In Kq. 26, if » is uniform, 


5 “Advanced Calculus,” by Edwin Bidwell Wilson, Ginn & Co. (Copyright 1911, 1912) p. 27 
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in which @ is a weighted or average value of a, and this value depends only 
upon the geometrical shape of the cross section and on the value of the limit 
2; of the integrals. The locus of K F is thus, in this case, simply a geometrical 
curve. In Eq. 27, if the depth is constant (= a), then K F has the constant 
value SF for all values of z;. 

On the other hand, when » varies with z, K F isa function of v, Moreover, 
in Eq. 26, 2; decreases as the approach velocity increases, and when 2; approaches 
zero K F takes on the indeterminate form: K F = x 7 Resorting, as be- 
fore, to differentiation, and substituting for a the quantity ao, which it ap- 
proaches in value, 


2a) 3, de 
dz a A 
hehe ei, ae 
; (#5) Dh Byatt kas (28) 
h-\| — 
a \ dz 


when R approaches infinity. 
In like manner, when 0 approaches zero, or 2; approaches infinity, a ap- 
proaches a,, and KF takes on the indeterminate form: KF = = x = 


Again, by differentiation and substitution, when R = 0, 


Eqs. 28 and 29 furnish valuable additional data for supplementing the limited 
range of experimental values. 

Itis noteworthy that in the theoretical case of uniform velocity throughout 
the cross section and in the two cases representing limiting values of approach 
velocity K takes on the form of a Froude number: By Eq. 27, with » uniform— 

Fi baka Lainie) (30a) 


ri at en aalte 0.01 a) eee re aye iw, oie Leder ® mae 


by Eq. 28, with 2; = 0— 


and, by Eq. 29, with 2; = ©— 
K== = ee 


Derivation of the Equation.—For the experimental case being investigated 
dy = 0.0460, a = 0.0035, and h = 0.1001. Substituting these values in 
Eq. 28 and Eq. 29, there results: For 2; = 0, 


0.0460 
KoFo = 50.1001 — 
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d, f i= oe, 
mae 0.0035 


Ke Fe = 30.1001 


Moreover, it was observed in developing distribution curves that K F has the 
constant value K;F; = 0.133 for all values of Q;. These values are plotted, 
together with the four experimental ones, in Fig. 12. From the shape of the 


0.25 
Ko Fy=0.230- | é 
Seay 
S| 
0.20 NS }— oF sacks 
aN 
2 | | < | 
* 0.15 ipanees ay *] 
= | tht y KF=0.230-—= 5 
uw 
o er, —4510 
a 
= 0.10 . 
ot Symbol Sp 
O 001 
l-| 0.02 
oO 0.04 
| 
0.05 1 5.006 
| x (Formula) 
<«<—K,F, 
0 
| 0 5 10 15 20 25 30 35 


Values of R (Thousands) 
Fig. 12.—K F as a Function or R (ao = 0.0460; anp d = 0.0313) 


curve and the physical fact that K F must approach a constant value asymptot- 
ically when R approaches infinity, it is suggested that an hyperbola should fit 
the data. It may be a mere coincidence that the value of K; F; falls on the 
graph at a point on a line which bisects the angle between the asymptotes. 
The three-constant form of the equation for an hyperbola can be written 


(R => Ro) (KF = Ko Fo) =i Co Shs ahiey «.ohaireetan« toltsieeas (32a) 


in which Ro and Ko Fp are the asymptotes and (Co is a constant of the hyper- 
bola, or 


Co 
KF = 0.5 Ao — 
0.5 Ao RoR (32b) 
This is in the form of Eq. 23. 
By Eqs. 29 and 32b, when R = 0, 
Co Ee ao — Ac ee Ye =" 
R, ops crn OB ee on c'<'o et ae (33) 


in which y, is the crown height. 
Only one constant, Ro, remains to be determined; any one of the experi- 
mental sets of data is sufficient for its evaluation. Computation of a value 
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corresponding to each set will provide comparative data by means of which the 
reliability of the method and the accuracy of the data can be judged. Solving 
for Ro, 
R= (KF — 0.5 Ay) R 

0 K F a 0.5 Ae ‘ay Ta! *a) leterte (ets) co! @ mel es) 010° 6h:0 1's! a 


Values of Ro for d = 0.0313 are computed in Table 2. The values in the last 
row in the table represent the arithmetical average values of K F and R for 


TABLE 2.—Vauues oF Ro For d = 0.0313 


Ry Discrep- 


KF Col. 4 KF ancy —4,510| % of 

Bey EER | —osas| xR | 05a.) Ro | rer) 1% of | —Ro | i510 
J aver.) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
0.01 | 0.172 | 11,810! —0.058 | —685 | +0.1545| —4,480| —175 | + 3.8 | — 80 | +18 
0.02 | 0.189 | 18'030| —0.041 | —739 | +0.1715| —4,310 | —295 | + 6.4 | —200 | + 4.4 
0.04 | 0.196 | 24,040 | —0.034 | —818 | +0.1785| —4,580| — 25 | + 0.5 70m le came 
0.06 | 0.199 | 29:970 | —0.031 | —928 | +0.1815] —5,100| +495 | —10.8 | +590 | —13.1 
Aver., Sy = 0.01,-0.02, 0.04, 0.06 tee pean i—-4,605 


Aver.@ | 0.1925 | 21,035 | —0.0375 | —790 | +0.1750 |} —4,510 e Averages for Ss = 0.02 and 0.04 


S; = 0.02 and 0.04. These two sets are believed to be the most reliable. 


‘Hence, the value Ro = — 4,510 will be considered satisfactory. By Eq. 38 
( since ¥.= ooo = 0.425 ), Cy = — 0.5 X 0.425 (— 4,510) = + 958. 
The equation representing a) = 0.0460, d = 0.0313 is then, by Eq. 320: 

958 
KF = 0.230 — crea eee (35) 


The check computations in Table 3 are obtained by inserting experimental 


TABLE 3.—ComputTations To CHECK Ea. 35 


% of % of 
Sy KF Discrepancy observed observed 
KF Tange 
958 
—- ——————— = 0. — 0.0007 — 0.40 — 2.59 
0.01 0.230 IL.810 + 4,510 0.1713 
0.02 0.230 — We LUI 8 = 0.1875 — 0.0015 — 0.79 SFA 
y : 18,030 + 4,510 
958 
- ——— ;,, = 20: 0.0005 0.25 + 1.85 
0.04 0.230 24040 + 4,510 0.1965 + + 
958 
— ————— = 0.2022 0.0032 1.61 + 11.85 
0.06 0.230 29,970 + 4,510 0.20 + + 
958 
= = = 0.1293 
(R = 5,000) 0.230 5,000 + 4,510 0 


nee een ne ee Ee 


values of R in Eq. 35. Thus, in all cases the values of K F computed from 
Eq. 35 are within 1.7% of the observed values of KF. Comparison of the 


discrepancies on a basis of percentage of the small observed range (= 0.027) 
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of values of K F yields less than 6% for the first three slopes and less than 12% 
for S; = 0.06. In the last case the value of 2; represents a distance less than 
that between the curb and the first vane by which the flow distribution was 
investigated, and a region, moreover, where the velocity profile curves rapidly. 
The data for S; = 0.06, therefore, should be accredited less weight than the 
others. . The results, in general, are considered satisfactory. 

The equation for K.is then 


1 958 
K =; ( 0.230 — = Hs PRA SNIT SRI: (36a) 
or, in general terms, 
ao — oR . 
ice ed Ga eer a i aN nee Y.Ro ) 
SE oh Rake ek AotRoR ec (36b) 


The Function When D Varies.—It can now finally be demonstrated that the 
form of function of F in Eq. 19 is consistent when D (and, therefore, h) varies, 
because, by Eq. 36), 


K = 8 ( i tek 2) cs eee ee (37) 
but, 
cnr k Cera) SRR OF ala (38a) 
in which each term x can be written 
Doh 
Fe ee oe LR (380) 
v 


ao Vv — Vo 


In Kg. 39, h does not appear in the right-hand member, and since, by Eq. 21, 
it is also absent from the left-hand member, it must be concluded that the form 
(Eq. 19) is correct. The small variation of K with h, which can be noted in 
Table 1, is in conformity with the small variation of with z; when Q; is con- 
stant as shown in Fig. 7. 

Shape Parameters.—In Eq. 360, Ao, Y-, and Ro are parameters whose values 
depend upon shape factors. The physical meaning of this equation is made 
more apparent when it is noted that, for high values of R (high velocities and 
small widths of inlet flow), K depends principally upon Ao; whereas, for lower 


values of R (lower velocities and wider filaments of inlet flow), K depends to 
an increased extent upon Y, and Ro. 


ciate See > 
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The values of Ay and Y. depend upon the shape of the approach flow (if d 
is constant). When that shape is constant, other form factors such as length 
of inlet, width of depression, etc., govern the value of Ro. Evidently K will be 


especially affected by variations of the latter form factors when approach 
velocities are low. 


TABLE 4.—Vauuszs oF Ro 


KF — |(KF-—| KF— R 
0.5 Ao | 0.5 Ao)R| 0.5 Ac 7 


0.0000 | 0.0688 0.000 0.334 0.0254 0.274 13,070 | —0.060 | — 783 | 0.249 —3,140 
0.0625 | 0.1313 0.476 0.175 0.0133 0.128 24,150 | —0.047 | —1,135 | 0.115 | —9,870 


d h D 0.5 Ao | 0.5 Ac KF R 


Values of Ro for D = 0.000 and D = 0.476.—The values of Ro in Table 4 
were obtained by substituting experimental data in Eq. 34. Various relation- 
ships between Ro, D, d, and f(D) are shown in Appendix A. 
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Fig. 13.—ExpprIMEntAL Locus or K As A Function or F anp R 


VI—APPLICATION TO DESIGN 


Eqs. 36 describe the experimental locus of K as a function of FandR. The 
locus is shown in three coordinates in Fig. 13. It is now desired to develop an 
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expression by means of which the model results can be applied to a full-size 
prototype. This requires a separation of the effects of F and R so that a value 
of R can be used which will represent viscous conditions similar to those of a 
prototype. For model size and velocities this involves substituting a smaller 
value of v. 


Experimental values of K are plotted as a function of E (solid graph) in 


Fig. 14. It is evident that the values of K in this figure represent the combined 
effect of FandR. This follows from the fact that F and R vary simultaneously 


0.18 


0.16 


0.14 r 


Equation (45) v=0.493x10-° 
0.12 Values from Areas 
. Under Graph Fig. 15 te 


M —— Experimental 
0 0.10 0.16 
n 
oa 
= 0.08 
oO 
> 
0.06 
SYMBOL Sy 
; ° 0.01 
we ‘ ; i! 0.02 
0.04 
0.02 0.06 
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Values of = 


Fic. 14.—EXPERIMENTAL AND THEORETICAL Locr or K as a FuNcTION oF 1/F (ao = 0.0460; 
AND d = 0.0313) 


when 0 varies. The slope of the graph, as plotted, represents the total deriva- 
; : 1 
tive of K with respect to F? because K, then, is a function of the two 


independent variables F and R, both of which can be expressed in terms of F. 
The method pursued in the following involves obtaining an expression for the 
total derivative, inserting a value of v lower than the experimental value and 
then integrating. The result is shown as the broken graph in Fig. 14 

An expression for the total derivative is: Paes 


dk OK OK dR 


da/F)  dq/F) + ORAGPy (40a) 
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From Eq. 36), 
ao — Ae 
OK _ a 2h 
O(1/F) 2h ° Ru — Ro 


Note by comparison with Eq. 36) that this equals KF. The subscript M 
in Eq. 40b indicates the constancy of R (0, h, and v must have the model values 
—see Fig. 14—at the point concerned). Moreover, 


Ror. kes Se ep) 


gies ES ly 
oR Fu (R, — Ro)? J ACT Sy a ta me MCE ICY Oem 


the subscript v indicating that R, is arbitrary with regard to », but in other 
respects it must be consistent with the constancy in F. 


Reynolds’ number may be expressed in terms of = in the following manner: 


F 
h 
2 iF Pee EE me amos ist ocs wish iey./al. ehio rte) ey ehlecgernente (42a) 
and 
h 0.5 h 
nS (2) Sates elem (42b) 
Thus Ee 
‘ dR igh ie api ie P 
yee avai () goa neeeea st 
Eq. 43a can be written 
dR lth vy? 1 
a(1/F) ae a Dy gh a 9 Fu R, erga eal olga) on He aRia lot's (4386) 


Then inserting Eqs. 40b, 41, and 436 in Eq. 40a, the total derivative 
(0 varying), is 
ag — Ac 
dk ee. 2h 
d(i/F) 2h 


‘Tf the value of R, becomes infinite (v approaches zero), the last term (C) 
approaches zero in value, and the sum of the other two (A + B) represents the 
slope of the graph for an inviscid fluid. Moreover, the sum of the two terms 
equals the partial derivative as given in Eq. 406, which, as before stated, equals 
the value of K F as given by Eq. 360. 

With regard to the effects of viscosity, flow in the model is similar to flow 
in a prototype when Reynolds’ number is the same in both systems. Eq. 44 
thus may be made to represent a prototype by inserting the proper values of v 
in the terms R,, but using experimental values of 0. Values of K are then 


given by 


ao ea 
0 


Ro 4 oh 
pw ere). Nae a! ac Claas 
n= Re RR ise be i) 


ao — a ao — Ge 


> pple Sobek Ro er Ro R, “ 
K = oak a(3) = { oh lg et aie ene ae fled ee AR a(})..45) 
a(i/F) \F DP hge Rak Riehi sarc cee. 
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The integral can be evaluated by measuring the area under the graph of the 
integrand, TaN) a , as a function of - . 

To obtain a value of v, the case representing Sy = 0.02 is taken as an average 
one. For this case, R = 18,030. Let it be assumed that the value of R for a 
prototype is about 500,000. (The exact value is not important, because the 
rate of variation of K with R in the region of R = 500,000 is very small; 
R, could be considered infinite without great error. The last term in Eq. 45 
represents viscous effect.) The total flow, by Chezy’s formula, in a prototype 
channel whose dimensions are 2 times those of the model (a) = 0.0460), and 
for which Kutter’s coefficient of roughness is n = 0.013, is Qip = area 
X Cp (Rp 8)**> = 3.40 X 79 (0.184 X 0.02)°> = 16.3. 

Using subscripts M and v to denote model and prototype (both to be simu- 
lated with model size, however), the relationship between Reynolds’ numbers 
and values of v (A and d being constant) is given by 


vh 
Ru Y¥u _ 
Re Gh Teg es (46) 
Vy 
eo A Ru a id 18,030 ty 
Since y= PMs =) Y= sh / x 10 x 500,000 = 0.493 x 10-6. 
v ’ 


0.23 
0.22 
x 0.21 
alo 
sh 
wa 0.20 
oo 
” 
ao 
= 0.19 Approximate Graph Covering 
= Range of Experiments 
> 


0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 
Values of 3 


dKp : 
Fie. 15.— ——— 
ta. 15.— VALUES OF qd/F) CoRRESPONDING TO v = 0.493 & 10-8 (ao = 0.0460) 


Values of Rak correspondi to th 7 
qd /F) ponding to the value of v = 0.493 * 10-® are 


calculated in Table 5 and have been plotted in Fig. 15 for the four experimental 


\ 
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eases and the theoretical limiting case, = = 0; that is = 0.230 
; i : ia Ta = Sh a ). 
Fig. 15 also holds for vy = 0.322 X 10-6 (see Table 5). 
dK 
TABLE 5.—CatcuLaTIoN or VALUES OF =~. 
d(1/F) 
—a 
($4 = 0.280; % Th ~~" R, = — 958; and Ro = — 4,510 ) 
1 3 R, Bre Ree Quantity} Quantity dK y Ky 
Ss | Ru | e | ? (-22 Ro Ro)? | Ro ; C, d(i/F) | (Fig. | KyF 
M : as ) Eq. 44 Eq. 44 (Eq. 44) 14) 
v, = 0.493 X 10-8 
0.012 | 11,810] 1.038 | 1.761 | 0.357° | 0.3625 | 131¢| 16,320 | —0.0587 | —0.00131 | 0.1700 | 0.196 | 0.189 
0:02 | 187030) 0.5285] 2.468 | 0.501? | 0.506% | 256¢ | 22,540 | —0.0424 | 0.00094 | 0.187 | 0.106. | 0.200 
0-04 | 247040] 0.2688] 3.461 | 0.702 | 0.707% | - 498¢ | 28,550 | —0.0335 | 0.00068 | 0.196 | 0.0562 | 0.208 
6:06 | 29970] 0.172 | 4.31. | 0.873? | 0.878 | 770¢ | 34,480 | —0.0278 | 0.00054 | 0.202 | 0.0367 | 0.213 
v, = 0.392 X 1078 
0.01 | 11,810] 1.038 | 1.761 | 0.4499 | 0.4542 | | 206¢| 16,320 | —0.0587 | —0.00104 | 0.170 
0.02 | 18/030] 0.5285| 2.468 | 0.629% | 0.634 | 402¢ | 22,540 | —0.0424 | —0.00075 | 0.187 
0:04. | 24’040| 0.2688| 3.461 | 0.883° | 0.888) | 788¢ | 28,550 | —0.0335 | —0.00054 | 0.196 
0:06 | 29970| 0.172 | 4.31 | 1.098% | 1.103? | 1,220¢ | 34,480 | —0.0278 | —0.00043 | 0.202 
z 
«For Sys = 0.01, furthermore, a (Fig. 16) = 0.140; and G = 0.385. % Multiply by 1,000,000. 
t t 
¢ Multiply by 1,000,000,000. ‘ 
: dK, : 
For comparison, values 0 ia (i aI) are also shown in Table 6 together with 


experimental values of KF and calculated values of ane FE) 


(Eq. 406), of 


dK 
TABLE 6.—ComPaARISON OF VALUES OF — 
d(1/F) 
— KF 9K | _dKu_ | , K K Bo). Weg 
Sy Gf - ad/F) | dQ/Fmu) ae (iq. (Ob- (ig. loa, XB 
Satine on served) (Bq. 406) | GE. 44) 36b) served) 14) 
0.01 0.170 0.172 0.171 0.150 | 0.148] 0.177 0.179 | 0.196 | 0.153 
0.02 0.187 0.189 0.188 0170 |0.175| 0.0989 | 0.100. | 0.106 | 0.0919 
0.04 0.196 0.196 0.196 0.182 | 0.190] 0.0527 | 0.0527 | 0.0562 | 0.0508 
0.06 0.202 0.199 0.202 0.190 | 0.199] 0.0348 | 0.0343 | 0.0367 | 0.0343 
dKu ai 1 
— : = oft peatid. "Osa >< Note that = 
GR) ne Ar Maes Oh oR sn XE sa XE 


De if 
— 20/(aig)’ 


throughout the experimental range the corresponding values of 7775 dd /F)’ 


; * ve. 
in which au is a Froude number. 


7 


It may be noted that 


dk, KF, 
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and ES are substantially equal and that, for Sy = 0.06, values of the three 


d(1/F) 
quantities practically equal that of ae Values of the total derivative, 


dK u 


qa /F)’ representing the actual experimental value of v are approximately 


equal to values of ee especially for the lower values of Sy (greater 
values of 2;). 

In Fig. 15 a straight line represents, with sufficient accuracy, the three 
points representing S; = 0.01, 0.02, and 0.04, but passes through neither the 


dK 1 dk 
qa) ~ 0.230 at r= 0, nor the other extreme, a1) 
(= 0.0175) at z = ©, obtainable from Eq. 44, when 0 = 0—that is, 


limiting point 
Qe 
2h 
when Ry and R, equal zero. 
Values of the integral Eq. 45 have been obtained from the areas under the 
dashed curve, Fig. 15. These are given in Table 7. 


TABLE 7.—Va.uss or THE INTEGRAL, Eq. 45 


x 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.9 ue 
AKy ... | 0.0219 | 0.0204 | 0.0197 | 0.0193 | 0.0189 | 0.0186 | 0.0182 | 0.0355 | 0.0342 
Ky 0 0.0219 | 0.0423 | 0.0620 | 0.0813 | 0.1002 | 0.1188 | 0.1370 | 0.1725 | 0.2067 


Values of K, (= ZAK,) from Table 7 are plotted in Fig. 14 and for the 
four experimental points their values are shown in Table 5, and in Table 6 
together with the experimental and calculated values of K. Values of K,F 


have also been calculated. Fig. 16 gives the corresponding values of =o Bed { 
t 


may be noted that except for the data representing S; = 0.01, the values of 
K, F are greater than the observed distributional values of K F. The explana- 
tion of this is that the values of the equations derived herein depend upon con- 
ditions beyond the frictional effect of the curb. Such conditions have been 
represented in the region of the curb by the broken line in Fig. 16. The matter 
is not of practical importance since corresponding prototype values of z; are 
smaller than are usually encountered. 

Determination of the Model Case Corresponding to a Given Prototype.—In the 
approach channels of model and prototype, let the ratio of corresponding flows 
be the same. (This is in accordance with the usual assumption of model 
analysis technique.) Then 


OVE: = One Bye S ce, ate te wv akin tulle, sl x05) telesite Ov nani Rane (47a) 


Assume, moreover, that for corresponding inlet flows the total flows follow 
Froude’s law, or, 


39 \25 
Qip = (32) Qiu -=:372 Oi. ea. Lee (47b) 
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Fig. 10 then yields the value of 0 ( ana, hence, of a representing the inlet 


flow corresponding to the prototype total flow. 
: Design Example.—Let it be required to determine the quantity of flow that 
will enter an inlet 7 ft long, with a local depression 4in. deep. The pavement 


0.24 


0.20 


0.18 


Values of KF 


0.16 


0.14 


0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1.0 
Values of = 


Fic. 16.—Drsrripution or KF ror ALL VALUES OF Qi (h = 0.1001) 


is 36 ft wide, with a crown height of 0.45 ft and a longitudinal slope of 2%. 
The total flow between the curb and the crown is 16.3 cu ft per sec—the condi- 
tions corresponding to the model. (The flow in such a prototype, assuming 
Kutter’s n = 0.013, is probably actually greater than 16.3, for the true mean 
depth is greater than an hydraulic radius determined by dividing the cross 


sectional area by the wetted perimeter.) 


16.3 


The design process is as follows: By Eq. 476, Qe = 379 = 0.0438. (Note 


that the experimental value representing S; = 0.01is Qim = 0.0436.) By Fig. 
10, for this amount of total flow in the model, the average velocity of the part 


; er eee th 2:2--0,1001-~ 
entering the inlet is 34 = 1.76; so that: iy L.76)2 = 1.038. The 


value of v representing the prototype value of R with model dimensions and 
velocity now can be computed. Since Froude’s number is the same in model 


0.5 
and prototype, and since hp = 1.07, dp = (#22 x10) = 5.76. Hence, 


i: ; i ST OK 1.07 
for vp = 13.7 X 10-* (the experimental value for S; = 0.02), Rp = 13.7 x 107° 


= 450,000. If Reynolds’ number for model dimensions and velocities is to 
1.76 X 0.1001 dK 
( 


A ct en A eaten 6 eee fon thi 
equal this, v, 750,000 0.392 < 107°. perc of 5 iF) for this value 
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of vy are shown in Table 5, and, since these agree with the values representing 
‘y = 0.493 X 10-*, the corresponding graph (Fig. 14) is satisfactory for design 
use in the present case. 


1 Git Es 0.179 _ ; 
For = = 1.038, Fig. 14 yields Kir = 0.179; so that Kr F = 7938 = 0.172; 
a 80 LOG 
and K, = 0.196. Therefore, K,F = 1.038 = 0.189. : 
From Fig. 16: 2% = 0.217; 2% = 0.140; and, by Fig. 6, Q» _ 0.385. By 
21M ety Qe 


coincidence the latter two are the experimental values for Sy = 0.02. Note 
that geometrical similarity with respect to the location of the outer boundary 
Q, 
Qu 
prototype and, except for a small correction that may be needed, will yield the 
desired value of Qp. 

The correction involves the fact that experimental and theoretical values of 


of inlet flow is ignored. The ratio = 0.385 is the value representing a 


= for 2 = 1.038 are different, whereas the average velocity is the same. It 
t 
follows that the total flow corresponding to the two cases is different. The 


41 


40 


fg39 
i 
la 
° 38 
uv 
o 
a 
heey, 
36 
35 0 
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Fic. 17.—D1srrievution or 0 ror Univ Toran FLow (ao = 0.0460) 


relationship between the two flows is found as follows: Two values, 0,, and : 
dmi, representing unit total flow, can be obtained for the two values of = 

. . ‘i 
from Fig.17. The ratio of these velocities equals the ratio of two other average 


velocities representing two different total flows, but a given value of *. This 
et 
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is shown schematically in Fig. 17(6). Hence 


- Fig. 17(a) yields, for = 0.217 and = 0.140, dar: = 40.28, andd,1 = 40.55; 


et v 
Be that by Bo-48. 2% = 20-28 _ 
at by Eq. 48 Oi 40.55 0.994. Hence, 
Oe EDDA Oe rte Santee is ats usta ts, wee eae (49) 


v 


Q 
Since On = 0.385, Q, = 0.385 X 0.994 X 0.0438 = 0.0167 (the correction is 


negligible in this case, and may be found to be so for all cases). The ratio 


Q, — 0.0167 eo 
tO = 9.0239 ~ 0.699 indicates that the flow that may be expected to enter a 


_ prototype inlet is about 70% of that which would be obtained by direct ap- 
plication of the model results. © 
Qe _ 2 _ 0.385, Qp = 16.3 X 0.385 = 6.3 


i Qip ty 


cu ft per sec, the desired value of inlet flow in the prototype. 


Since, for equal values of F 


Where values of af in the prototype are appreciably different from those in 


Q: 
the model, it is necessary that the flow distribution be known. The variables 
K and 0 were selected with such a contingency in mind, but demonstration as 
to whether Froude’s law applies in the case is not available at this time. 


VII.—ConcLusIoNn 


The result, Qp = 6.3 cu ft per sec, obtained in the preceding example, is 
a reasonable quantity on a basis of experience, and in the absence of an error 
in the analytical method must be assumed to be correct. Nevertheless, con- 
firmation of the result by means of an exactly similar larger, or full-scale, 
model is desirable. 

The writer is aware that the method of solution used is not the only one, 
and, quite possibly, not the simplest, nor the best. Further investigation may 
disclose, for example, that the maximum velocity can be used as the character- 
istic velocity instead of 3. This would have the advantage of removing any 
doubt as to whether @ is actually entirely independent of K.. The maximum 
velocity can easily be obtained from Fig. 7, and it has the value 


PEER AN) Qaim ate 3 08 li te CRO) 


The method of solution presented in this paper is intended to be used in 
future development of data for purposes of design. The necessary experi- 
mental data covering a fairly wide range of lengths of inlet, slopes of street, 
etc., have already been obtained. 
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APPENDIX A 


Tus AsympToTEe, Ro, AND THE FuncTIoNn or D 


The distributional expression for R given in Eq. 9d represents a range of 
values from v = © andz; = 0Otov =Oandz; = ©. The value of R (= Ro) 
representing the asymptote, however, corresponds to a condition in which » 
has decreased to zero and beyond to minus infinity. Negative velocity repre- 
sents a reversed direction of flow, that is, flow entering the street from the 
inlet. Although it may be possible by analytical means to derive the expres- 
sion for Ro in a manner similar to that used in determining Ko Fo, no such 
method has suggested itself. 

The asymptote Ro does not occur at the value R = 0, for at that point 
TOUS = oi , a finite quantity, whereas at an asymptote the quantity must be 
infinite. This, moreover, is a reason that the three-constant form of hyper- 
bolic equation is required rather than the two-constant form representing the 
“Second Hyperbolic Law’’:® 

R 
KF = C1 R + Cb. esa os ey a Pe ee Sls oe (51) 
Tue Function or D 

In Eq. 366 the quantity within parentheses represents a product of functions 

of R and various dimensions. Dividing the coefficient of the term involving R 


by the constant term, Fy of the function, and rearranging, then yields (see 


Kq. 5) 


KF a h'—d—G 
ae Gp 4 EEGe TT HN : 28 mio (Lorn, Dy Cs ee 
ao R-R) 
Hence, 
2KF 
14% s( Ro Vad TaD ean eee (53) 
ao R — Ry 


The locus of values of the left-hand member plotted against values of D thus 
should yield a straight line. In Eq. 53 Ro is not constant. Values of the left- 
hand member for the three experimental cases are calculated in Table 8(a). 
When these values are plotted against values of D, the result is a straight line 
confirming the arithmetic in calculations of the value of Ro. 

If, on the other hand, it is assumed that Ro is constant and has the values 
—4,310 (d = 0.0313, Sy = 0.02), and —3,140 (d = 0.0000, S; = 0.02), then 


6 “Intermediate ” ; Hi 5 
1931), p. 203. Calculus,” by Percy F. Smith and William Raymond Longley, Ginn & Co. (Copyright 
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values of the left-hand member of Eq. 53, as calculated in Tables 8(6) and 8(c), 
produce slightly curved graphs when plotted against D. When plotted against 
po Laes a function of D, and it is practically a straight-line function of D* 
and of d?. 


TABLE 8.—CompurTaTION oF VALUES oF FunctTIon or D 


D Cs 2KF R R = ba 
Bee Re es 
(3) (4) (5) (6) (7) (8) (9) 
ao — de _ 0.0425 _ 2, 
(@) Ra = TaiaG = 0.9245 AND cx = 0.0228 
1 | 0 0.0688 | 0.000 | 0.332 0.548 | 13,070 3,140 | 16,210 | —0.1937 
eer: oats "378 +| 18030 | —4/310 | 22,340 | —0.1928 
0.1001 | 0.313 | 0.228 0385 | 211035 | —4,510 | 25,545 | —0.1764 
3 | 0.0625 | 0.1313 | 0.476 | 0.1738 | 0.256 | 24,150 | —9,870 | 34,020 | —0.290 
Table 8.—(continued) 
Col. 9 Peppa Fol Cots 19-|n Colt Coe he ee 2KF | col. 18 
+ Col. . 2 + Col. + Col. + Col. rs 
No, | X 0.924 |Col. 10] *,G° | +c. | +4310) *y4 igen Worse ce ne ' 
(10) (11) (12) (13) (14) (15) (16) (17) (18) (19) 
° (b) Ro = — 4,310; AND 
(a) (continued) Re (ao — a2) = 0.924 X (— 4,310) = — 3,982 
ee ee 
1 | 0.1792 | 0.821 | 0.668 | 1.000 | 17,380 | —0.248 | —0.229- | 0.771 | 0.711 | 1.043 


—0.1783 | 0.822 0.460 0.688 
2 { 0.1631 | 0.837 | 0.460 0.688 22,340 | —0.1927 | —0.1783| 0.822 0.460 0.6838 
3 —0.268 0.732 0.350 0.524 | 28,460 | —0.1513 | —0.1397| 0.860 0.298 0.472 


Table 8.—(continwed) 


D2? (see Ds 3,140 +R — 3,140 — 2,901 1 — DKF = Col. 26 
No. Col. 3) (see Col. 6) | + Col. 22 | + Col. 22 Col. 24 Col. 25 +C; 
(20) (21) (22) (23) (24) (25) (26) (27) 

(b) (continued) (c) Ro = — 3,140; AND (ap — ac) = 0.924 X (— 3,140) = — 2,901 
1 0 0 16,210 —0.194 —0.179 0.821 0.667 0.999 
2 0.0981 0.00962 21,170 —0.148 —0.137 0.863 0.438 0.666 
3 0.226 0.0512 27,290 —0.115 —0.106 0.894 0.286 0.460 

APPENDIX B 
Notation 


The following symbols are defined where they first appear and are assembled 
here for convenience of reference (see Fig. 1 for designation of dimensions): 


ao 


Pe the approach-depth number; 


Ay = 


408 


a 
| 


hy 
ll 


> 
ll 


2. 
ll 


a 
ll 
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depth at a distance, 2, from the curb, in feet: 


a= 
& = a weighted or average value of a; 
dy = depth at curb at the approach section, in feet; 
= depth at the crown, or center line of street, in feet; 
C = a coefficient: 
Co = an hyperbolic constant; 
Ca ; c 
c = a coefficient; height of inlet opening, in feet: c, = fall due to the 


normal slope of the model between the approach section and 
the center of the inlet, in feet; 


D.= g the depth-of-depression number; 


h b 
= depth of depression, in feet; 
= subscript denoting excess flow, or overflow; height of overflow sill 
above normal gutter line produced, in feet; 


® 
| 


Froude’s number, : Fy = Froude’s number representing actual 


Res 

gh 
model flow; 

head; the characteristic dimension; difference in elevation between 
the water surface at the approach section and the lip of the inlet 
at its midlength, in feet: hp = head for prototype; 

subscript indicating “inlet” or “‘integral’’; 


the dependent variable, zs : 


Mine = zs for actual model flow; 


se 
K a for model dimensions and velocity, but a calculated 


value of v; 
l = length of upper end of depression (see Fig. 1); 


nm = width of overflow notch, in feet; an exponent; 
R = hydraulic radius, in feet; 


R = Reynolds’ number, nh 


Ry = Reynolds’ number for actual model flow; 

Rp = Reynolds’ number for prototype flow; 
= Reynolds’ number of prototype magnitude, but model 

dimension and velocity (v calculated); 


S = longitudinal slope of the model, in feet per foot: Sy = longitudinal 


slope of the approach flume, in feet per foot; 


T = the roughness number, . 2 
t = height of roughness protuberances, in feet; subscript denoting 
“total”’; 


Wee a , the crown height number; 


Ye = the crown height; 


a ed 
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£= 


distance from curb: 


409 


z; = distance from curb to outer boundary of a filament of flow; 


2; = distance from curb to crown; 
Zim = distance, z2;, for model; 
zim = distance, z:, for model; 


f, a, B, 9, etc. = function of; 


K 


G 


Q: 
DIMENSIONAL FORMULAS 
momentum per second at the approach section of flow 
within the distance z; from the curb; 
acceleration of gravity, in feet per second per second 


or 


hydrostatic pressure acting at the approach section on 
flow within a distance z; from the curb, in pounds; 
rate of flow, in cubic feet per second at the approach sec- 
tion of flow within the distance 2; from the curb: 
Q. = excess flow, or overflow; 
Q,; = “total” flow or flow between the curb and the 
crown; 
Qp = flow, Q, in a prototype; 
Qu = flow, Q, in the model; 
moment of momentum per second within a distance 2 
from the curb at the approach section; 
the apparent average velocity in a vertical line at a 
distance z from the curb, in feet per second: 
' 9 = average velocity, or momentum per second 
per unit mass per second of flow within the 
distance z; from the curb at the approach 


section ( = a : 
pQ/’ 


du = average velocity, 0, for the model; 
dp = average velocity, 0, for the prototype; 


I 


= moment of hydrostatic pressure, P; 
= specific weight, in pounds per cubic foot (= pg = 62.4 


lb per cu ft); 
kinematic coefficient of viscosity, in square feet per 


second ( +E “) P 
p 


yp = actual kinematic viscosity for a prototype; 

kinematic viscosity representing 4 Reynolds 
number of prototype magnitude, but of 
model velocity and dimension; 

coefficient of viscosity ; 


mass (slugs) per cubic foot ( = 3 = 1.088 ) ; 
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BASIC ECONOMIC CONSIDERATIONS AFFECTING 
SINGLE AND MULTIPLE PURPOSE PROJECTS 


BY Otis M. PAGE, M. Am. Soc. C. E, 


SYNOPSIS 


A practical analysis of a given condition is followed throughout the paper. 
The writer has defined an exemplary area and discusses data collected as a 
result of field investigations. The paper is subdivided into two sections in 
discussing single and multiple purpose projects. 


SECTION I.—ANALYSIS OF DATA, FLOOD-CONTROL PROJECTS 


1. INTRODUCTION 


This subject is so complicated that scarcely any set rules are applicable in 
all cases. For this reason, an exemplification is made of what may be en- 
countered in the collection of flood damage data, and in the determination of 
the benefits that may result from the construction of proposed flood protection 
works. The actual collection of data in the field by experienced investigators 
cannot be stressed too strongly. It matters not what interpretation may be 
placed on “direct” or “indirect” damages or benefits; if the basic data are not 
a true representation of facts, the ultimate answer may be much in error. 


2. Direct BENEFITS 


Direct benefits resolve themselves into one question: What benefit in dollars 
and cents will accrue to the owners and others affected? It does not make any 
difference whether the owners ‘‘cash in” now or wait and receive the benefits 
when such benefits materialize. They may assume many forms, depending 
on the adaptability of the particular ownership to benefit. A farm may have 
partial or total flood protection as a result of protective works; woodlands in 
either case may be improved from nonagricultural to agricultural lands and, 
likewise, properties unsuited for industries may be made proper locations for 
industries. The same condition holds true relative to residential and other 
uses. The item, ‘direct net flood losses prevented” on certain agricultural 


Note.—Written comments are invited for immediate publication; to insure publication the last 
discussion should be submitted by J uly, 1942. 
1 Senior Engr., U. S. Engrs., Memphis, Tenn. 
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properties is a function of benefit, but flood losses on properties cannot be 
capitalized where there are no flood losses. For example, lands may become 
industrial properties because of flood protection; or, as a result of flood pro- 
tection, pasture or ranch lands may be converted to higher agricultural use. 
In many cases, woodlands and wild grass meadow pastures are benefited by 
occasional overflows. It may be noted, therefore, that the application of a 
single rule is not-feasible. Different rules and methods must be applied to 
meet the conditions or, in other words, “every tub must stand on its own 
bottom.” In this connection, every report should be a compendium of the 
actual field facts based on actual inspection by qualified field men. Guess- 
work, even on a preliminary examination, should not be accepted. It appears 
evident that direct benefits should be measured along the following general 
lines: 


(a) Take credit for all direct prevented net flood losses (crops, buildings, 
livestock, or other tangibles), after flood protection, hereafter referred to as 
Item 2(a). 

(b) Take credit for any additional direct net flood losses prevented that may 
ensue as a result of clearing or conversion of lands to a higher use after flood 
protection, hereafter referred to as Item 2(b). 


Discussing these two benefits, Item 2(a) should be susceptible of close 
estimation by the use of proper field personnel making use of existing factual 
data; Item 2(b) involves an element of speculation or guess. A close study of 
the economic conditions, in general, in the affected area should be made. The 
unbiased opinions of reputable businessmen and farmers will be of great assist- 
ance. Under Item 2(b), abstract considerations are involved, and care should 
be taken to avoid the consideration of Utopian ideas. Credit should not be taken 
for benefits from developments that could occur only after flood protection is 
provided as an item of flood losses prevented. The sum total of remaining 
benefits in the form of flood losses prevented will be taken care of under Item 
2(b). Simplification of considerations is important. Field men should not be 
asked to perform the impossible and draw fine-cut lines, thereby producing a 
distribution that serves no useful purpose. 


8. CALCULATION oF LOSSES AND BENEFITS 


Under Item 2(q), all flood losses may be reduced to an annual basis and this, 
in turn, may be capitalized for the increment of value as a result of flood losses 
prevented. The rate of capitalization should be variable to reflect risks ac- 
curately. For example, an area with only partial flood protection will carry 
a higher rate than one with complete flood protection. Furthermore, this 
phase of the situation deals with a farmer’s or businessman’s dollar and should 
carry a higher rate than consideration of public funds. Consideration is 
given now to benefits to individuals. For example, A applies to a Land Bank 
or other agency for a loan. His average annual net income is $500 from his 
farm or property. If $500 is capitalized at 5%, $10,000 is the value of his’ 
farm. Does the Land Bank or loaning agency value this farm or property at 
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$10,000? In all probability it does not, as it will use from 6% to 15% as a 
rate for capitalization, making the value range from $3,333 to $8,333, which is 
more in line for a property with a net income of $500 per year. There is an 
economic consideration to be given capitalization rates that cannot be ignored; 
and 10% appears to be normally about the correct rate to apply if abnormal 
hazards are not involved. This discussion refers to increased value by capital- 
izing the value of prevented flood losses: In applying capitalization to obtain 
the increment of increase in value, the entire operation must be analyzed to 
determine exactly what this prevented loss means to the individual in net gain 
on an operation. (This is a long discussion within itself and will be omitted 
here.) 

Under Item 2(b), ‘‘annual flood losses prevented” do not apply, and to 
apply would be erroneous. The benefit must be taken care of by anticipated 
enhancement in value. It makes no difference whether the owner sells or holds 
his property, the problem is to determine the present worth of this increase in 
value. This will be the “benefit.” It represents a “capital sum,” and it can 
be reduced to an annual benefit. The question that may present itself is: 
What about prevented flood losses on lands converted to higher use as a result 
of flood protection? For instance, a factory or dwelling is built on property 
falling under Item 2(b), and this property is protected from flood losses as a 
result of the project. In the first place, the owner purchased or already 
possessed the land. If he purchased it, he paid the increased benefit price 
obtained as a result of flood protection, and the seller received a capital benefit. 
If he happened to be the original owner under the project, he has reaped a 
benefit in like measure. Pursuing the question further: The factory or house 
is benefiting by the flood protection. However, the house or factory owner has 
paid the price he would pay in a flood-free area. Therefore, any increased bene- 
fits to this house or factory as a result of prevented flood loss must be in the 
indirect classification. Otherwise, there will be duplication. It should be 
borne in mind, also, that enhancement due to change in Jand use that would 
have occurred if no protection or additional protection had taken place cannot 
be considered as a project benefit. Although, for the purposes of exemplifica- 
tion, a case is used in which the trend justifies the consideration of future 
development, no credit is taken nor should be taken on this development for 
flood losses prevented or for capital gains. Schedule B, the “as is, where is” 
value which represents the average value of the property without flood protec- 
tion for the same period as the period of proposed flood protection, is used as 
the basis for determining the proposed project benefits. Observation has been 
rather conclusive that, in areas in need of flood protection, developments are 
usually at a standstill, or going backward. It is believed that a status quo 
condition is likely to hold true in most cases in future years as the population 
of the United States is expected to reach a stationary level within twenty or 
twenty-five years. Further, the trend toward the elimination of marginal 
and submarginal lands from private use will probably continue. Many other 
yalid reasons can be enumerated. ; 
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4, SUMMARY 


Direct benefits equal flood losses prevented, plus present worth of enhance- 
ment brought about by changed use or potential changed use; or, direct benefits 


= Item 2(a) + Item 2(}). 


5. EXAMPLE OF APPLICATION 


An exaggerated case is taken to attempt to emphasize various considera- 
tions in the foregoing discussion. Taking the case of an area of 640 acres 
owned by an individual or group of individuals in a proposed flood-control 
area, the “‘as is, where is” classification and value of this area are given in 
HE oth Wee A vats Ge Cxaerricn’ ra 1. Itisentirely probable that c0ls 

TION (SCHEDULE A) oF 640 itions may be such that the present “‘as 

AcRES IN A PROPOSED is, where is’’ setup should be used as the 
FLoop-ConTROL AREA basis for determining the proposed pro- 
ject benefits. As previously expressed, 


oe No. of RNa et aha one is injecting an element of guess or 

acres acre) (dollars) prophecy in estimating a development 
a 100 90.00 9,000 trend for the area since he must know 
a i Hae ood what periods in the past will be represent- 
g yt 32-56 tez9 ative of the future. Fifty years hence 
7 Buildnes pas fhertecett La Bats is a long time to project a curve of this 


nature, with the uncertain or vague 
data as to what has happened in the 
past. Fluctuations in real estate and 
commodity prices are beyond accurate estimation. It might be emphasized 
further that agricultural development during the past eight years has been con- 
fined generally to new areas, whereas the trend points toward retrogression in 


640 | Total value 28,000 


TABLE 2.—AviraGE CCONDITIONS OF THE PRopERTY WITHOUT 
FLoop ProtEection (ScHEDULE B) 


No. Description 


Total value 


per acre 
(dollars) 


g 
Si 
2° 
A 


the older areas. However, in the case being exemplified, the development 
trends exist, and they are reflected in Table 2, which represents the average 
conditions of the property without flood protection for the same period as the 


_ 


rt 
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proposed project life, which is fifty years in this case. This schedule is the 
appraisal of the average value of the property without flood protection for the 
same period as the period of proposed flood protection, and it is used as the 
basis for determining the proposed project benefits. Since complete flood 
protection is offered in this case, the following conclusions are reached from a 
study of the area in Schedule B: 

Ttem a.—All of this area, when protected, will receive benefits through direct 
flood losses prevented. 

Item b.—Due to very favorable location, 20 acres of this area, when pro- 
tected, will have great potentiality for suburban home sites and will convert to 
higher use. Therefore, 20 acres will receive a capital gain, leaving 100 acres 
to receive benefits through direct flood losses prevented. 

Item c—Due to location and shipping facilities, 20 acres of this area, when 
protected, will have great potentiality as industrial property. These 20 acres 
will receive a capital gain, and the remaining 160 acres will receive benefits 
through direct flood losses prevented. 

Item d—This area has only a small flood loss and, when protected, it will 
remain in status quo as pasture land, because the owner requires that much 
acreage in pasture. Due to the nature of the soils and to insufficient drainage 
facilities, pasturage is its highest and best use. By the elimination of flood 
hazards, an increase in the number of livestock ranging on this land can be 
expected. To use both of these benefits would be duplication. The greater 

benefit (in this case, benefit through flood losses prevented) should be taken. 
Item e-——No appreciable flood losses occur on this area; however, when 
protected, it will receive a capital gain due to flood protection, because the 
protection will render it more suitable for cultivation and will improve logging 
conditions in case the owner retains itin woodland. Consequently, the market 
value will be increased, thereby effecting a capital gain. 

Item f.—On this area flood losses are virtually nothing, and due to soils 
and the lack of drainage facilities, the land is nonpotential or nonagricultural 
and will remain in this classification after flood protection. However, when 
protected, the market value will be increases as a timber-growing proposition, . 
due to more favorable logging conditions, and the area will be more valuable 
as a woods range for livestock. This area, therefore, will receive a small 
capital gain. 

Item g.—These improvements will create benefits either as capital gains or 
as flood losses prevented; the greater benefit should govern. In this case, 
the buildings are located principally on high ground. Little use is being made 
of some of the buildings, and their value to the farm is little more than salvage 
value. When the area is protected, these improvements will convert the land 
to maximum use. Consequently, their value to the farm will increase; this 
will be a capital gain. This example is selected for exemplification, and it is, 
no doubt, an unusual case. In most instances, Item g would receive a greater 
benefit from flood losses prevented, putting it under Item 2(a), than from 


capital gain. 
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From the foregoing conclusions, the appraisal of the average value of the 
property for the period of protection is given in Table 3. The increase in the 
value of the area of Items a, b, c, and d of Schedule C (Table 3) over the value 

of the same acreage of Schedule B (Table 

TABLE 3.—AVERAGE VALUE OF 2) is due to flood losses prevented, and 
PROPERTY FoR A GIVEN PrE- the increase in the value of the remain- 
SD eecanehEtC) fe ing area of Schedule C over the value of 

the same acreage of Schedule B is due 

Value to enhancement in value as a result 


Not ares Dollars per s 
aore (dollars) of changed use or potential changed 
; ee an siege use. These differences are indicated in 
SG eae lo Bal 24 loortnblons 
e 40 12.00 480 The enhancement in Items a, 8, c, 
4 20 200.00 4,000 and d of Table 4 may not always re- 
; Buildings and 1 ophaad ee 30 present annual flood losses capitalized. 
640 | (Total) 48,900 The average annual flood losses prevented 


must be determined from data secured 

in the area under consideration. In 
this case, the sum is estimated to be $625.00 (see heading “Summary’’). By 
the construction of proposed flood-control works, the area considered would 
receive an annual benefit of $625 through average annual flood losses pre- 
vented and a total capital gain through flood protection of $5,950. Assuming 
the life of the project to be fifty years, the present worth of this capital gain of 
$5,950 would be $5,291.27, using 4.5% rate of interest. The annual benefit 
of $5,291.27, at 4.5%, would 
be $238.11. The total direct 
annual benefit, therefore, would _ 
be $625.00 plus $238.11, which 
equals $863.11. 


TABLE 4.—Dirrerences Dus to FLoop 
Losses PREVENTED, AND INCREASE 
IN VALUE OF REMAINING AREAS 


6. Direct FLoop LossEs vena tel 


PREVENTED FLOOD CapiTaL Gain 
(OTHER ITEMS) No. pens 
Other items of fl 
ood damage Acreage Dollars Acreage Dollars 
are numerous, such as damage | | eae ee 
; a 100 1,000 a 
to livestock, seed, feed, and b 100 2;500 ie 
implements, the cost of exodus d 100 9050 wie 
and reoccupation, damage to 5 cee ion ica 
business operation through cur- g sys Zo pe 
tailment, inability to fulfil con- i oe ‘670 


tracts, increased overhead, and qhes 460 6,950 180 5,950 
damage to chattels of all kinds 
not heretofore mentioned. In 


some cases, there may be labor losses but, in such cases, considerable care 
should be taken not to duplicate this item with indirect losses applying to the 
area as a whole. The aforementioned losses usually may be cataloged and 
treated under Item 2(a) (flood losses prevented). However, other than farm- 
ing operations, these losses can best be handled separately and may (and usu- 


one - 
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ally do) consist of both Item 2(a) (flood losses prevented) and Item 2(b) 
(outright capital gains as a result of flood protection). Other direct flood 
losses may consist of physical damage to highways, railroads, and utilities of 
_all kinds and also, when justified, cost borne by federal, state or quasi-public 
or private agencies in flood fighting and relief work of all kinds, including exodus 
and reoccupation. Ordinarily, these losses will fall under Item (2a) (flood 
losses prevented). 


7. InprrEcTtT Fioop LosszEs 


No doubt more care should be exercised in the evaluation of indirect flood 
losses than in dealing with direct losses. Certainly, more experience is re- 
quired, because the appraiser must have a clear economic picture of the area 
as a whole. In no sense can justification be found whereby an arbitrary per- 
centage of direct flood losses can be taken as a correct value for indirect losses. 
Usually, these losses are not inventoried as easily as direct losses where there 
are factual data available as a result of prior floods. In most cases, the prin- 
cipal items would consist of: (1) Inconvenience caused by disruption of the func- 


Fic. 1.—Amone Inpvirecr Fuoop Damacss ARE THE Economic Losses TO THE CoMMUNITY AS 4 WHOLE 
on Account or Bustness CESSATION OR DISRUPTION 


tioning of railroads, highways, and utilities with the attendant monetary losses; 
(2) economic losses to the community as a whole on account of business cessa- 
tion or disruption not specifically included in direct losses; (3) any increased 
cost of medical care not included in indirect losses; and (4) labor losses as 
affecting the community as a whole and not cataloged under direct losses. 
Consideration should be given to the cost of extra labor used in rehabilitation 
as an offsetting factor. Contiguous and sometimes remote areas may be ma- 
terially benefited. However, as a result of a project, consideration should be 
given to the economic effect of taking large areas out of productive use, and 
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out of taxation. If credit is fully taken for community benefits in indirect 
benefits, it would appear that proper charge should be made at least for any 
reimbursement the federal government would make to political units as a re- 
sult of property taken out of taxation. One can readily see that real field 
fact-finding must be resorted to in order to form any kind of intelligent esti- 


mate of this situation which, for purposes of convenience, is placed under the | 


same heading as “Indirect Losses.” The benefit is more suitably cataloged 
under ‘‘Capital Gains.” 
8. INTANGIBLE LOSSES 

Certain flood losses or inconveniences are not susceptible of evaluation in 
dollars and cents. In this category may be loss of human life and the abnormal 
spread of disease affecting the health and happiness of inhabitants, disruption 
of schools and religious assemblies, burial of the dead, and, perhaps, many 
other inconveniences of more or less importance to a specific community. 


9. INTANGIBLE BENEFITS 


Benefits accruing to the community, county, state, or nation, as a result of 
project works according recreational facilities such as hunting, fishing, bathing, 


or other recreational activities, and wild life facilities, are not susceptible of 


monetary evaluation. These benefits, however, should be investigated, and 
probable usage outlined, as a result of intelligent study and investigation. 


10. SuMMARY 
In this section (I) it has been emphasized that the accurate collection of 
field data is of paramount importance. No detailed discussion of technique 
and method is outlined as this is quite 


TABLE 5.—Annuat Direct an extended discussion within itself. It 

BENEFITS FoR Eacu Cras- may be well to mention here that ordi- 
SIFICATION OF 640 AcrEs narily a much greater zone or segment | 

EXEMPLIFIED of a proposed project would be studied 

as an entity than is exemplified in the 

rips bench PR cal doe foregoing, depending upon varying con- 

Motta Xtconge ditions of terrain as related to topog- 

: Losses | | Capital raphy, culture, and other features. Belts 

: = rete roe of several thousand acres are usually 
5 100 225.00 100.05 inspected. in the field and data are com= 

. a tae oe piled, using the most convenient and 

‘ {9 0 3.20 applicable methods. Technique and 

9 20 45.00 100.03 method used in the field will be largely 

i ae 20:00 26.81 governed by maps and other data avail- 
640 $727.50 $516.24 able and the degree of accuracy required © 


—— "in the findings. It is emphasized that 


the damage and valuation figures pre- 


sented in Section I must be based actually on field d i 
personnel. y eld data obtained by competent 


Annual direct benefits of $625 through flood losses prevented were deter- 


mined from field data. Table 5 gives the annual direct benefits through flood 
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losses prevented and through capital gain for each classification of the 640 
acres exemplified. It shows that the benefits through flood losses prevented 
for Items a, b, c, and d are greater than the benefits through capital gain, 
whereas the benefits through capital gain for Items e, f, g, h, and 7 are greater 
- than the benefit through flood losses prevented. It has been emphasized, 
throughout the analysis, that the greater benefit should govern. Consequently, 
the total average annual direct benefits would be as follows: 


Average annual direct benefits due to: 


Flood losses prevented = Items a, b,c, andd...... $625.00 
Capital gain =) Liems.¢,f,-9; 2, and tbo.) ew ee 238.11 
Total average annual direct benefits.......... $863.11 


Conclusion.—-On the area of 640 acres exemplified, flood protection would 
result in a direct annual benefit of $625 and a total capital gain of $5,950. 
Assuming the life of the project to be 50 years, the present worth of the capital 
sum enhancement of $5,950, using 4.5% rate of interest, would be $5,291.27. 
The annual benefit of this sum would be $238.11. The total annual direct 
benefit, therefore, will be $625.00 plus $238.11 which equals $863.11. Before 
estimating indirect benefits, all of the area affected by the project must be 
considered. Consequently, it is not practical to make estimates of the in- 
direct benefits on the 640 acres. 


SECTION II—MULTIPLE PURPOSE PROJECTS 


Section I discusses factors affecting flood-control projects. It is possible, 
of course, to encounter projects wherein flood control may not be of primary 
importance and the other features—irrigation, power, and navigation—may 
all be considered in determining economic justification. The degree of flood 
protection afforded must be considered, of course, when combined with irriga- 
tion, power and stream regulation or navigation. For this reason it would 
complicate the subject, no doubt, to pursue a synthetic analysis of the property 
taken for exemplification under a flood-control project as outlined in Section I. 
The same reasoning would apply, however, in determining Schedules A and B, 
Section I, as heretofore. ‘In all probability, Schedule C would assume a dif- 
ferent form, depending upon how the property would be affected by the project 
purposes. | 

11. Direct BENEFITS 


The same principles will apply in a multiple purpose project as in a single 
purpose project—there may be both annual direct benefits and capital gains. 
It must be borne in mind that duplication should be avoided and that the ag- 
gregate of the benefits from whatever sources cannot exceed the intrinsic worth 
of the increased value of the property due to the construction of the project 
works. 

12. INDIRECT BENEFITS 


Indirect benefits will be more far-reaching under multiple purpose projects 
as greater outlying areas will be affected. Plentiful and cheap power, of 


420 FLOOD CONTROL Papers 


course, has far-reaching benefits. Water for irrigation purposes may convert 
large areas of cheap range lands into areas of intensified farming, bringing in 
settlers with all the attendant community improvements. Numerous other 
indirect benefits could also be enumerated. 


13. INTANGIBLE LOSSES AND BENEFITS 


The same general principles will apply to the consideration of intangible 
losses and benefits as are discussed in Section I. 
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EARLY CONTRIBUTIONS TO MISSISSIPPI 
RIVER HYDROLOGY 


ByeGe Go JARVIS.2 WieAM: SOC. .C.—E. 


SyNopsIS 


Recent research in runoff characteristics of the Mississippi River basin has 
disclosed certain values among the early records which had apparently been 
neglected, if indeed they had ever been recognized outside the group respon- 
sible for assembling them. These data generally are to be found in some form 
or other in old reports and records of the War Department, mainly in publica- 
tions of the Corps of Engineers and the Mississippi River Commission. 

The fragmentary hydrologic data of the earliest record periods are as- 
sembled in this paper. They are extended by derivation, estimation, or com- 
parison with related data from neighboring stations, and tentatively integrated 
into-a continuous record covering 122 years, ending in 1938. Incorporated 
within the record are the discharge determinations for the 33 years ending 
with 1860, as published by the late A. A. Humphreys, Hon. M. Am. Soc. C. E., 
and Henry L. Abbot, with such adjustments as were found necessary to con- 
form to the hydrographs of calendar years. Likewise, other results, official or 
unofficial, published or unpublished, were taken into consideration in compiling 

these basic hydrologic data. A sharp distinction has been made between the 
official quantities and those derived or estimated: However, such controls and 
cross references as are available have been used freely, so that the final results, 
as here submitted, are as nearly beyond challenge as it seems practicable to 
obtain at this time. 

Trends of both precipitation and the resulting runoff depths from year to 
year, or from decade to decade or other record segment, are disclosed, with 
fair correlation generally for the 5-yr or longer period means, and to a lesser 
extent, on an annual or even a monthly basis. 

Nors.—Written comments are invited for immediate publication; to insure publication the last 


discussion should be submitted by July, 1942. 
1 Hydr. Engr., SCS, Dept. of Agriculture, Washington, Dre: 
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Lower MississipP1 River DISCHARGE 


Heretofore, the oft-repeated inquiry concerning the actual discharge of the 
Mississippi River in its lower course has brought unsatisfactory results accord- 
ing to the writer’s observation; yet, the observed, computed, and estimated 

discharge quantities have been re- 
TABLE 1.—Mussisstpp1 River Dis- corded for 33 of the 43 years, 1818 to 


CHARGE AT NatcuEz, Miss. 1860, inclusive. The fact that these © 
discharge quantities are expressed in 
THOUSANDS OF CuBIC - 
Dares bidity pat cubic feet per year, and thus involve 
Humphreys) SCsétrillions, should be no barrier against 


Ss 2 an 
Fron | To | 4° | computed | Calendar their use. Division by the number 


Nov.: | Oct.: bihricrseal Pia ioc? of seconds in a calendar year readily 
1818 | 1819 | 15,400 489 498 ities to yearly aver- 
18222] 1822 | 20,500 650 636 reduces the quantities to yearly 
1822 | 1823 | 27,300 866 864 age discharge in cubic feet per sec- 
1823 | 1824 | 21,200 670 701 ‘ 
1824 | 1825 | 18,200 577 561 ond, asshownin Tablel. The use of 
1827 | 1828 26,400 835 847 hydrographs and tabulations of gage 
13, : % ; : 
1829 | 1830 | 20/700 656 593 heights assisted in the apportion- 
pee gser |e ee /s000 pps St ment of discharge, month by month, 
1833 | 1834 | 20,300 644 589 : ‘ 
oe Pes 17/200 B46 aii to conform substantially with the 
Boeemleaccc el ovens vids ie respective yearly quantities. More- 
1837 | 1838 | 15,300 485 484 over, both large-scale hydrographs 
1838 | 1839 | 11,500 365 359 ; ; at 
1839 | 1840 | 18,900 508 645 and daily discharge quantities are 
1840 | 1841 : : é ; 
available for practically the entire 
1843 | 1844 | 29,300 927 947 
1844 1845 39,000 eda bor years 1851, 1858, and 1859, repre- 
1845 | 1846 : ; 
i346 | 1847 | 21'300 676 870 senting the most notable flood years 
isis | 1849 | 27,000 850 83 4 at pease (ae ae 
1 185 j 1 i H 
1850 | 1851 | 20,600 653 668 eta OF) SOROT eRe OC to tha 
1851 | 1852 17,800 563 602 time, at two or more stations on the 
1852 | 1853 | 22,000 698 642 ; : : , 
1853 | 1854 | 17,000 539 559 lower river. Likewise, the same in- 
j 384 NUSIES : 
1855 1856 14,800 468 461 formation is available for 1852, and 
i : ; 
1857 1858 26,000 eee oe for parts of other years at various 
i 666 701 : 5 okies . 
1859 | 1860 |  15°200 481 asi stations on the main river and its 
Totals.....:... 640,200 | 20,250 | 20,359 tributaries, in addition to some 30 
Means. -.-...| 19,400 614 617 years of river-stage records, 1817 to 
years........ 18,050 572 583 1860, inclusive, depicted on smaller 


«From November to October, inclusive, in each case 

etd ne tesa ea erie! January, 1822, to fg aper No. 1 3, and r ecently gener- 
ecember , inclusive. ee Footnote 2, in th ‘ } 

text; billions of cubic feet per second. ¢ Derived thom alized and further reduced for inclu- 

all available hydrographs,and from temperature, rain- 


Fad dicbene sion in Fig. 1. This record was 
2 compiled from several sources:*: 4 
Reports of the Mississippi River 


Commission;® records of rainfall, river-stage and flood phenomena, compiled 


2 “Report on the Physics and Hydraulics of the Mississippi River,” j 
Abbot, Professional Paper No. 13, Corps of Hapras, U. B Aeay ire, ey Humphreys and Henry L. 


’Ibid., Plates V to XVIII and tabulations. 
4“Rainfall and Runoff of the Mississippi River Basin,” 


te L i € by Harry Larson, thesi 
University of Iowa in 1933 in partial fulfilment of the roquuivements for the Dasrse of Doster of, Palecabe 


5 Progress Report of the Mississippi River Commission, 1881, Appendix F, Plate 3, 


scale for publication in Professional . 
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by the U. S. Weather Bureau; and the Water-Supply papers of the U. S. 


Geological Survey. 
The key to various lines and symbols in Fig. 1 is as follows: 


——~— Observed River Stages at Natchez, Miss. 
~--~~ Derived and Estimated Gage Heights at Natchez, Miss. 
> Monthly Maximum Gage Heights at St. Louis, Mo. 
amma Gage Heights at Memphis, Tenn. 
--—-—Gage Heights at Donaldsonville, La. 
A Yearly Maximum Gage Heights at Natchez, Miss. 
o Flood-Peaks at Pittsburgh, Pa. 
Av High and Low River Stages at Cincinnati, Ohio 
+  Divergencies of Maj. Harry Larson’s Compilations. 
from Recent Rating Curves. ; 


The meticulous care with which the observers recorded information such as 
wind and weather conditions that might possibly affect the operation of the 
primitive velocity-measuring apparatus (mainly multiple floats and early types 
of current meter), the faithful portrayal of results showing the influence of the 
rising as opposed to the falling stage of each major flood event, the recognition 
of inherent limitations as to attainable accuracy for individual measurements— 
all are earnest approaches toward, if not the stepping-stones leading to, the 
more rigorous standards attainable with improved apparatus and methods 
developed during recent years. Quoting Messrs. Humphreys and Abbot: 


“It is evident that the condition of the river, whether rising or falling, 
makes a great difference in discharge at any given stand; but it is equally 
evident that a mean line between these two extremes can be drawn that 
shall form the basis of a table by which the annual discharge can be 
deduced from the recorded gauge-readings. For any given day, its in- 
dication will be erroneous, but for the entire year, which includes both 
the rising and the falling branches of the curve, it will be sufficiently 
securate *:* *.7 


The difficulties encountered with surface floats, subject to deflection or 
acceleration due to wind velocity, naturally led to the adoption of multiple 
floats, largely submerged, and of rods so weighted and adjusted as to maintain 
them nearly submerged and vertically suspended, supporting small flags above 
the surface for observation. By such means, Messrs. Humphreys and Abbot 


developed information regarding depth-velocity relations closely in accordance | | 


with the most advanced thought and adopted theories of recent years, as evi- 
denced by the parabolic velocity curves presented by them.’ Likewise, they 
presented evidences of a rigorously scientific approach to determinations of 
both mean and maximum velocities in terms of surface velocities or of those 
observed some 5 ft below; even a forerunner of the familiar reduction factor 
of 0.80 or thereabouts, by which observed surface velocity may lead to an 
approximate value of mean velocity for the station.2 Abundant proof is to be 
Abbot, Profesional Paper No. 1, Corps of Eautes US Ary TSR, 


7 [bid., Plate XI. 
8 Ibid., p. 213. 


by A. A. Humphreys and Henry iy 
p. 128. 


. 
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found in the associated text of fair agreement between quantities determined 
by formula and by observations. 

A review of the specific examples in the same report for which detailed 
calculations are recorded should not fail to impress an unbiased investigator 
with the idea that those early measurements of stream discharge are beyond 
challenge, within the reasonable limitations as to accuracy, inherent in their 
equipment, methods, and working conditions. Whenever hydrologists have 
had to rely upon quantities determined by slope-area methods, depending on 
high-water marks observed some days following the passage of a flood peak, 
whether the event was last month, last year, or 100 years ago, they have occa- 
sion to regret the absence of actually observed velocities. Even the progress 
of uprooted trees in midstream—or better, largely-submerged floats, properly 
spaced, and observed by theodolites over measured courses in accordance with 
those early practices—might give results at least more convincing, if not more 
reliable, than those ordinarily expected by slope-area methods; yet the latter 
in skilful hands may provide fairly acceptable approximations—often the only 
available data as to some of the flood-peak discharges officially published 
during recent years. 


SEDIMENTATION AND RELATED STUDIES 


Other basic problems considered in Professional Paper No. 13 include the 
development and effects of cutoffs, levee systems, storage reservoirs, spillways, 
- and lateral overflow areas. Also included are the proportion by weight and 
the distribution of both bed load and sediment in suspension, the latter varying, 


: fe 1 1 
for the 12-month period beginning February, 1851, from 681 to 5383” or an 


average of rx for the year.? Expressed in parts per million by weight, these 
2 


fractions reduced to 1,467 ppm, 157 ppm, and 553 ppm, respectively, for 
Carrollton, La., as contrasted with the tentative estimates for the following 
year—namely, 1,748 ppm, 116 ppm, and 690 ppm. Furthermore, observations 
extending from March to November, inclusive, 1858, at Columbus, Ky., gave 
results!® reducible to 1,493 ppm, 140 ppm, and 757 ppm, whereas those at the 

Mississippi mouths, taken by George G. Meade (later Major General, U. S. 
Army) from April to June, 1838, averaged 638 ppm for surface samples, and 
785 ppm for subsurface, at depths ranging from 6 ft to 90 ft. 

The foregoing observations as to suspended sediment during years of more 
than normal rainfall and runoff afford interesting comparisons with data pub- 
lished by the U. S. Geological Survey" in 1909. These are based on 15 years 
of sediment determinations by the Corps of Engineers, U.S. Army, and 5 years 
of determinations by the New Orleans (La.) Water and Sewerage Board, prior 
to 1907, and one year of determinations at various stations by the U. 8. Geo- 
logical Survey, presumably during years of somewhat less than normal average 
DO epien ye paee teN S e 


ae ort on the Physics and Hydraulics of the Mississippi River,’’ by A. A. Humphreys and Henry 
L. Sato Ponisusiohal Paper No. 18, Corps of Engrs., U. 8. Army, 1876, pp. 147 and 510. 

10 Jbid., p. 139. 

11 Water-Supply Paper No. 234, U. 8. Geological Survey, Washington, D. C., 1909, p. 87. 
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runoff, such as prevailed in the period preceding 1907. The report shows (see 
Table 2)" that suspended sediment above and below the Missouri River mouth, 
at Quincy, Ill., and St. Louis, Mo. (Jefferson Barracks), respectively, was in- 


TABLE 2.—SuMMARIZED OBSERVATIONS ON DISSOLVED AND SUSPENDED 
SoLips OF THE MISssISSIPPI RIVER 


(Values in Parentheses Were Not Published in Original Tabulation, But Were Derived from 
Data Contained Therein) 


Tons oF oa 
RUNOFF Soxrps (ppm) |SoLIDS PER 8Q So et Eaptart sat a 
MILE PER YR 
Drainage 
Station saaeees 
miles | Cu ft Cu ft | Dis-| § Dis- | S Dis Sus 
er sec uu is- us- is- us- - - 
pase sq | per sec |solved| pended|solved| pended] solved | pended Total 
mile 
(Above) Minneap- 
lis, Minn...... 19,600} 0.608 | (11,920) | 200 7.9 |(119) (4.7) |(1,600) | (40,000) | 1,600 
Guten Ill... Paice 135,500 | 0.538 | (73,000) | 203 119 108 63 (1,767) (3,030) | (1,116) 
St. Louis, Mo.....] 700,700] 0.263 |(184,300) | 206 964 53 | 250 (3,600) 764) (630) 
Menard, Ill....... 711,900 | 0.263 Hee GOB 269 634 70 164 (2,720) (1,164) (816) 
Memphis, Tenn...| 941,000] 0.546 |(514,000) | 202 519 109 | 279 (1,750) (684) (492) 


Orl ) Life. « 1,261,000 | (0.560) |(706,000) | 190 | 600 (105) | (330) |(1,820) (580) 
Rrcotine. c za . . {1,265,000 | 0.560 |(719,000) |(190) | (600) | 105 31 (1,820) (580) (440) 


creased some eight-fold, or from 119 to 964 ppm, while the dissolved solids 
remained nearly constant (see Table 2). 


DENUDATION—LOCAL AND BaAsIN-WIDE 


Probably the brief chapter on “Denudation,” from which Table 2 was 
obtained," represents the most comprehensive and scientific approach to the 
problem of which there is evidence, up to the date of its publication. Among 
the items of interest and value are those purporting to represent the average 
river discharges and proportions of solids throughout the periods of available 
record. The fairly consistent relationships between such discharge and sedi- 
ment computations or estimates, and those developed in connection with this 
paper and associated research projects, afford at least partial confirmation 
from officially accepted and published quantities. 

One of the most serious errors that might readily result from a casual use 
of such data would be the assumption that it requires centuries of erosion and 


runoff to denude the soil a single inch, when it is well known that a day of. 


intense rainfall or of rapid thawing, or a series of storms, may displace recently 
disturbed, unstable, unprotected soil on moderate slopes to a depth of not only 
an inch, but occasionally several inches under only normal concentrations of 
flow. It is well known that soil on sloping shale or other smooth surfaces may 
slide in its entirety when the plane of cleavage becomes saturated, so that the 
volume of solids moved locally, for short distances, may far exceed the volume 
of water releasing it. Thus, the actual depth of local denudation in a semi-arid 
region, on steep, relatively bare slopes, might represent a large percentage of 
the actual rainfall and might far exceed the depth of runoff from the entire 
basin, which usually represents only small percentages of rainfall. 


ai 
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It follows from the foregoing that the solids transported by the Mississippi 
River and delivered into the Gulf of Mexico are but finely divided samples of 
the total erosional products—the dissolved or flocculent or other readily sus- 
pended portions of the disturbed soil mantle. The heavier and coarser ma- 
terials, along with varying percentages of the finer elements, are strewn along 
the flood plains, valley floors, and network of drainage channels, awaiting the 
next turbulent flow to exact a further 


toll of easily transported elements. TABLE 3.—ANnNUAL Maximum GaGE 
READINGS ON THE MISSISSIPPI 


RUNOFF FROM RAINFALL AND Reva CLRSOLUTONe Tes 
ot AS 


TEMPERATURE DaTa 


Without those well-organized ap- Year Maximum gage Discharge 
: : : Be readings (ft) (cu ft per sec) 
mroachea-to ryer gagings during the. 2-0 |) ee 

. 4, 1,110,00 

early decades of the nineteenth cen- She ee 630 600 

tury, engineers would have been de- y ee 176.000 

i j 15 15.30 1,140,000 

prived of much helpful hydrologic : 1b REN 

information as well as scientific ob- a7 14.58 Ou ee 

servations and opinions in related 19 14.80 1,100,000 

rerige i 1820 14.22 1,030,000 

fields. A fair-minded review of the 21 14.72 1,095,000 

= Pe 22 14.62 1,085,000 

mass of data yielding the average 23 15.26 1,135,000 

: Aan p err 15.12 1,120,000 

yearly discharges of the Mississippi ae ae 1'100'000 

: : 14.64 1,090,000 

River at Natchez, Miss., for record oe Ting 1'017'000 

periods of early decades cannot fail a8 a 28 SOB 

i i i 1830 14.66 1,090,000 

to impress one with the magnitude Bl AS ite Tee0 000 

and difficulties of the undertakings, ~ ti LOBE OCS 

i inati 34 13.64 "990,000 

and the foresight, determination, and 2 ae Bead 

scientific as well as practical accom- 36 15.05 1,120,000 

plishments of those early observers 38 14.00 1,015,000 

ele i ea | Hoa0'98 

The writer’s review of those early re 14.57 1,075,000 

: ; 14.76 1,100,000 

records disclosed such consistent ne pe 1,120,000 

relationships between rainfall, tem- a Hee een 

j i - 4 15.05 1,120,000 

perature, and runoff, all in fair agree a7 Aas pee 

ment with the same observed phe- i? 15.21 1,130,000 
s i : 000, 

nomena during recent years of record, Taal 15.40 1,150,000 
: 14.1 020, 

that they provided access to req- He 1500 _ 11115,000 
aie : Op 14.70 1,095, 

uisite basic data and indicated a ae ey 700,000 
ee 80 A 

method for deriving probable values oo Les : 45,000 
‘eaiesipyl Ri 5.10 1,120, 

of Mississippi River monthly average ee ae 1'170'000 

discharge forthe years of rainfall rec- 1860 13.40 970,000 


ord, including the intermittent and 9° =———_$__—_————— 
fragmentary observations. One can 
scarcely use the term “non-record” in this connection, inasmuch as some basic 
data at important gaging stations are available for every year beginning with 
1817. Maximum annual stages at Natchez date back intermittently to 1770, 
TE NS Re ah NETO NS a EE Aa A nt Oe 


12 Water-Supply Paper No. 234, U.S. Geological Survey, Washington, D. C., p. 131. 
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and continuously after 1801; and available records of maximum gage heights at 
Carrollton began in 1811, as shown in Table 3. 

Table 4 shows some interesting relationships between departures from mean 
rainfall and runoff, year by year, and month by month, all expressed in inches 
of depth over the entire drainage area above Natchez. (Runoff was either 


TABLE 4,.—DEPARTURES OF OBSERVED TEMPERATURE, PRECIPITATION, 
AND MississtppP1 RuNoFF FRoM RecorD MEANS 


(AT, AP, and AR = Departure of Temperature, Precipitation, and Runoff, Respectively) 


1850 1860 AVERAGES, 1817 To 1877 
Month 

AT AP | AR AT AP | AR AT AP | AR 

(degrees F)} (in.) (in.) | (degrees F)| (in.) (in.) | (degrees F)} (in.) (in.) 
WO BTUIEII Pe fos oes +6.1 +2.0 | +0.36 +2.7 —0.4 | +0.06 +0.1 —0.34 | +0.01 
Febrdary Be wis age +2.4 +1.0 | +0.37 +2.8 0.4 | —0.06 +0.7 +0.17 | —0.03 
Marchi ie 652s - —0.3 +0.6 | +0.14 +15.7 —2.2 | +0.27 +0.3 —0.14 | +0.01 
PACPSTEN Gre Piel tettta’s ie —6.4 +0.9 | +0.09 +2.9 —0.6 | —0.35 +0.6 —0.00 | —0.01 
WWEAY. witoictae’s Gi sls —3.6 —0.8 | +0.23 +5.1 —1.4 | —0.29 +0.2 —0. +0.05 
FUNC LG seme ess. +1.8 +1.3 | +0.23 +1.2 -—0.8 | —0.32 +0.8 +0.24 | +0.05 
WU chee, teste sah +2.0 +0.6 | +0.09 +3.3 —0.7 | —0.25 +0.7 +0.30 | +0.04 
AURUSE Se se ele +4.0 +0.5 | +0.03 +0.8 —0.7 | —0.11 . +0.1 +0.13 | +0.07 
September...... —0.5 —1.4 | —0.03 —2.8 —0.3 | —0.09 —1.2 +0.01 | +0.04 
October......... —2.2 —0.9 | —0.03 +0.1 +0.1 | —0.05 —2.2 +0.01 | +0.02 
November...... +2.4 +0.3 | +0.05 —4.5 +0.9 | —0.07 —1.2 +0.18 | +0.02 
December..... —3.1 +1.4 | +0.08 —4.4 —0.1 | —0.07 —1.1 —0.02 | +0.03 
Totals gests. +0.2 © +5.5 | +1.61 +1.9 —5.8 | —1.33 —0.2 +0.50 | +0.30 


measured or estimated for the Mississippi River at Natchez. Temperature 
observations were made at St. Paul, Minn., from 1819 to 1837, and at St. Louis, 
from 1838 to 1877. Precipitation was observed at Marietta, Ohio, from 1817 
to 1829, and at additional stations thereafter as they became available with 
desirable distribution. In 1850, the total was 15 stations; in 1860, 22 stations; 
in 1868, 27 stations; and in 1873, 45 stations.) . The two representative years 
selected for inclusion were 1850 (above normal), and 1860, with subnormal 
rainfall and runoff. Thus a yearly excess of 5.5 in. in precipitation produced 
an excess runoff depth of 1.61 in., whereas the deficiency of 5.8 in. produced a 
departure of — 1.33 in. in runoff. For the first 61 years of the record, the 
mean rainfall and runoff departures yearly were + 0.50 and + 0.30 in., re- 
spectively, from which it may be logically assumed that the same quantities 
with opposite signs would apply for the latter half of the record, if worked out 
on a comparable basis. Results actually computed on a yearly basis, but with 
the addition of several more rainfall station records, were — 0.35 in. and — 0.27 
in. for the 61-yr period, 1878 to 1938. 

For the month of March, 1860, the influence of the 2.2-in. deficiency in 
rainfall was more than offset by the unseasonable temperature, the + 15.7° F 
having released the ice sufficiently to produce an excess depth of 0.27 in. in 
runoff for that month. Likewise, a rainfall deficiency of 0.8 in. for May, 1850, 
in combination with a temperature departure of — 3.6° produced a runoff excess 
of 0.23in. In many instances the time lag between rainfall and runoff accounts 
Oe a ee 


13 “Report on the Physi d : Miran aiay ey 
TAAbbor, 3 mohattl & ae on ie eae of the Mississippi River,” by A. A. Humphreys and Henry 


Corps of Engrs., U. 8. Army, 1876, p. 443 and Plate XIV 
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for the excess or deficiency occurring in the following month or year instead of 
being in the same period as the rainfall. 

Table 5 lists the average rainfall depths for the available stations, to the 
number of 50, for the entire 122 years of record, together with the departures 
in both precipitation and runoff, all measured in inches over the drainage basin 
above Natchez. In general, about 3 in. of rainfall departure produced 1-in. 
departure of the same sign in runoff. However, there are wide variations from 
that ratio, and a number of sign reversals. ; 


Tuer VicksBpurG-NAaTcHEZ REcorD oF MississipPI River DISCHARGE ' 


In spite of the 4,900 sq miles excess of drainage area at Natchez as compared 
with that at Vicksburg, Miss. (representing 0.43% difference), the annual yields 
should be within 1% of equality. Therefore, they should be almost inter- 
changeable for the early records, if not for the later ones, in view of the ad- 
mitted uncertainties of stream measurements at their best, requiring a tolerance 
of some multiple of that difference, according to conditions. Where stream 
gagings are numerous and of a high standard, it may appear reasonable to take 
the difference of 1% into account, as has been done for the Vicksburg-Natchez 
record. Thus, the 122-yr means have reduced to 593,000 cu ft per sec and 
599,000 cu ft per sec, respectively.’ From Table 1, the 33-yr record mean for 
Natchez was either 614,000 or 617,000 according to the two separate determina- 
tions, thus differing by 0.5%, which happens to be the same as the percentage 
of record-period represented by the two-month difference between those water 
years and the calendar years. According to Table 6, the first 50-yr mean dis- 
charge at Natchez was the maximum attained, or 626,000 cu ft per sec, as 
compared with 605,000 for the first 100 years, or 602,000 cu ft per sec for the 
first 110 years. (Table 6 was compiled from the Humphreys-Abbot report; 
from stages and discharge observations of the Lower Valley of the Mississippi 
River, January 1 to June 30, 1937; from annual reports of the Mississippi River 
- Commission and the Corps of Engineers; and from Water-Supply papers of the 
U. S. Geological Survey.) 


ConsuMPTIVE UsE oF WATER 


Obviously the increased consumptive use of water in connection with initial 
fillings of large storage reservoirs, together with the subsequent diversion for 
irrigation and other purposes, may account for some of the difference between 
the first 50-yr mean and the mean discharges for later periods at Natchez. It 
has been computed and estimated that, as of 1930, some 13,000 cu ft per sec 
were withheld from the Lower Mississippi River for irrigation alone, exclusive 
of initial storage and attendant losses.“ 


RELATIVE PERMANENCY OF GAGING SECTIONS 


Opinions expressed by Messrs. Humphreys and Abbot as to the aggradation, 
degradation, or relative permanence of Mississippi River channel sections were 
evidently based on more than those early determinations, covering some 44 
a eee 


14 Proceedings, Am. Soc. C. E., October, 1941, p. 1502, Table 14, 
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years of intermittent observations and records at various stations. Their 
several years devoted primarily to the investigation, including residence and 
field work, must have been supplemented prior to the second edition in 1876, 
because they were still actively engaged in important professional work, and 


TABLE 5.—ComparIsons oF ANNUAL PRECIPITATION | 
(Units Are } 


PRECIPITATION? PRECIPITATION? 
a f | Sta- Runoff || Year of | Sta- Runoff 
cenord tions | Average} Ajinual excess” || record | tions| Average | Annual excess?"¢ 
total | cbserved| Excess¢ total jobserved| Excess? 
record | rainfall record | rainfall 
1817 1 42.13 52.00) 9.87 1.42 1852 17 41.59 44.30 2.71 0.11 
18 1 42.13 gs 8.79 0.71 53 16 41.75 36.94 —4.81 0.58 
19 1 42.13 36.30 —5.83 —1.13 54 17 41.59 41.00 —0.59 —0.40 
20 i 42.13 39.11 —3.02 —1.45 55 16 40.99 41.43 4.44 2.49 
1821 1 42.13 43.32 1.19 0.45 1856 21 40.56 35.91 —4.65 —1.57 
22 1 42.13 43.38 1.25 0.51 57 22 40.91 39.25 —1.66 -1.11 
23 at 42.13 49.34 7.21 o.22 58 24 41.09 49.15 8.06 2.84 
24 1 42.13 | (53.00) (10.87) 1.28 59 24 41.09 42.56 1.47 1.28 
25 1 42.13 | (37.00) | (—5.13)} —0.38 60 22 40.23 34.01 —6.22 —1.33 
1826 1 42.13 41.60 —0.53 —1.87 1861 20 38.54 39.76 1.22 0.21 
27 1 42.13 41.46 ~-0.67 —0.49 62 19 37.95 40.00 2.05 0.55 
28 1 42.13 49.50 7.37 3.02 63 19 37.95 36.90 —1.05 0.06 
29 1 42.13 39.52 —2.61 —1.61 64 21 38.54 32.62 —5.92 —0.56 
30 2 41.45 32.35 —9.10 0.00 65 21 38.54 47.64 9.10 1.50 
1831 3 41.45 45.50 4.05 —0.55 1866 21 38.54 43.85 5.31 1.44 
32 3 41.45 44.56 3.11 1.05 67 27 37.85 37.58 —0.27 1.16 
33 3 41.45 37.12 —4.33 0.80 68 27 37.85 40.87 3.02 0.23 
34 3 41.45 35.63 —5.83 —0.05 69 27 37.85 °| 40.42 2.57 1.01 
35 4 41.68 41.82 0.74 0.21 70 27 37.85 34.57 —3.28 —0.11 
1836 6 42.80 42.87 0.07 0.95 1871 27 37.85 35.67 —2.18 —0.96 
37 8 36.23 36.88 0.65 —1.25 724 | 27 37.85 35.08 —2.77 —2.37 
38 9 36.53 31.33 —5,20 ~—1.30 734 | 45 36.30 38.86 2.56 —0.11 
39 10 38.67 33.82 —4,84 —2.78 744 | 45 36.30 37.64 1.34 —0.14 
40 13 42.00 41.55 —0.45 0.62 754 | 45 36.30 42.42 6.12 | 0.43 
1841 13 42.00 41.60 —0.40 0.98 18764 | 45 36.30 41.20 4.90 1.51 
42 13 42.00 39.30 —2.70 —0.07 774 | 45 36.30 40.25 3.95 —0.30 
i a as 44,53 2.09 1.04 » 
41.92 —0.52 4,22 45.89 12.91 
45 15 42.44 42.90 —0.24 0.05 Subtotals 2... Sus. h «ett eee { —33.40 | —11.45 
1846 14 40.18 44.29 4.11 —0.92 
47 14 40.18 45.29 5.11 0.92 1872 40 35.74 33.31 —2.43 —2.37 
48 14 40.18 43.79 3.61 Lite 73 40 35.74 36.77 1.03 —0.11 
49 15 41.71 48.51 6.80 2.98 74 40 35.74 36.02 0.26 —0.14 
50 15 41.71 47.08 6.37 1.59 75 42 34.95 38.80 3.85 0.43 
1851 14 41.90 38.54 —3.36 0.89 1876 42 34.95 38.74 3.79 1.51) 
er aye 77 42 34.95 38.30 3.35 —0.30 
SiDLObalsate. rig ae ed secs tes Biers earree —13'85 


« A minus sign denotes “‘deficit.” > Values in parentheses were not published in the original tabulation, but 
derived from data contained therein. ¢ Average discharge of the Mississippi River atNatchen: Miss., for 122 
years (1817 to 1938, inclusive) was about 599,000 cu ft per sec, representing an average yearly runoff depth of 


ae ‘ete 4 Using the month-by-month analysis from 27 or 45 rainfall stations for comparison with the succeeding 


thus were able to participate in the additions, with nearly.a 60-yr record before 
them. Therefore, it seems evident that they had considerable basis for their 
opinions, repeatedly expressed in their report, to the effect that in general the 
Mississippi River bed in its lower course was neither building up nor cutting 
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down, but that the indurated bluish clay through which the channel is carved 
seems resistant to erosion so long as it remains saturated. They found that 
the sediment was being swept consistently forward during moderate and high 
flows, to extend the delta, although local deposition and erosion might occur 


7D Runorr, MississippPr RIveR 


ches) 
PRECIPITATION? PRECIPITATION® 
ar of | Sta- Runoff || Year of | Sta- Runoff 
cord | tions | Average | Annual excess? || record | tions | Average | Annual excess? ¢ 
total | observed} Excess? total observed] Excess 
record | rainfall record | rainfall 

878 42 34.95 36.76 1.81 —0.44 1912 50 34.73 34.41 —0.32 0.77 
79 42 34.95 34.93 —0.02 —1.74 13 50 34.73 34.36 —0.37 0,30 
80 44 33.66 38.11 4.45 —0.46 14 50 34.73 31.32 —3.41| —2.57 
15 50 34.73 38.36 3.63 0.99 

(881 44 33.66 36.62 2.96 —0.02 
44 33.66 39.11 5.45 1.63 1916 50 34.73 33.07 —1.66 1.55 
83 44 33.66 39.62 5.96 0.62 17 50 34.73 30.77 —3.96| —0.29 
84 43 34.13 39.35 5.22 0.99 18 50 34.73 33.44 —1.29} —2.14 
85 43 34.13 34.63 0.50 0.20 19 50 34.73 37.55 2.82 0.67 
20 50 34.73 34.39 —0.34 1.34 

[886 43 34.13 32.45 —1.68 —0.45 
8 42 34.52 31.47 —3.05 —1.56 1921 50 34.73 35.32 0.59] —0.57 
88 42 34.52 37.37 2.85 —0.25 22 50 34.73 33.76 —0.97 0.35 
89 42 34,52 31.29 —3.23 —1.55 23 50. 34.73 36.70 1.97 0.23 
90 42 34.52 37.04 2.52 2.06 24 50 34.73 30.87 —3.86| —0.07 
25 50 34.73 30.43 —4.30| —2.57 

1891 42 34.52 34.91 0.39 0.04 
2 42 34.52 36.02 1.50 1.31 1926 50 34.73 35.25 0.52) —0.70 
93 50 34.73 32.61 —2.12 —0.01 27 50 34.73 38.73 4.00 3.72 
94 50 34.73 28.22 —6.51 —2.07 28 50 34.73 35.30 0.57 1.23 
95 50 34.73 29.21 —5.52 —3.61 29 50 34.73 36.90 2.17 2.09 
30 50 34.73 27.16 —7.57| —1.71 

1896 | 50 34.73 34.63 —0.10 —1.63 
97 50 34.73 33.77 —0.96 0.47 1931¢ 50 34.73 32.34 —2.39) —3.55 
98 50 34.73 37.66 2.93 0.35 31f0) 28 37.85 35.95 —1.90| . —3.40 
9 50 34.73 32.17 —2.56 —0.05 32 50 34.73 34.91 0.18} —0.41 
1900 50 34.73 34.45 —0.28 —1.69 33 50 34.73 33.73 —1.00} —0.25 
34 50 34.73 29.30 —5.43| —3.21 
1901 50 34.73 30.95 —3.78 —2.17 35 50 34.73 35.89 1.16 1.00 

02 50 34.73 36.48 1.45 —1.01 
03 50 34.73 33.63 —1.10 1.67 1936 50 34.73 29.30 —5.43} —2.20 
04 50 34.73 29.93 —4.80 —0.81 37 50 34.73 34.2 —0.45 0.38 
05 50 34.73 38.20 3.47 —0.55 38 50 34.73 35.43 0.70} —0.41 
1906 50 34.73 35.76 1.03 0.07 { 18.31 14.77 
07 | 50 | 34.73 | 3420 | —0.53 1.75 || Subtotals..........0e++eeerees —42.75| —20.37 

08 50 34.73 33.66 —1.07 1.48 
09 50 34.73 38.25 3.52 0.62 19269 28 37.85 39.57 1.72} —0.70 
10 50 34.73 29.39 —5.34 —1.41 2790 28 37.85 45.40 7.55 3.72 
, 369 28 37.85 31.43 —6.42| —2.20 
1911 50 34.73 35.40 0.67 —1.58 379 28 37.85 38.21 0.36 0.38 
193.14 69.62 
_ SRNR Spe po B epee OC Orton { ee eee 122-yr totals. .....-+--+++++++s { —173.56| —69.02 
1.58 0.57 
122-yr means... ... wees seers { 1.42 0.57 


L: f a 40-yr series evaluated by Maj. Harry Larson (see footnote i) aed Incorporating U. S. Geological 
oe date oe Tae 1, 1931. # Using the month-by-month analysis from 28 rainfall stations for comparison 


ith corresponding preceding items. 


ne ee 


alternately along the channel. This opinion is certainly confirmed by au- 
thoritative observations and expert findings of later date.1® Such data show 
only a slight tendency toward scouring the river bed, ranging from 0 to 4% 


“1 See ‘‘Basic Data, Mississippi River,” Annex No. 6, H. R. Doe, No. 798, 71st Cong., 3d Session, 1931, 
plates 8, 9, and 10, 
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for the 20-yr period, 1894 to 1913, and adhering quite closely to the cross- 
sectional areas and dimensions shown in Professional Paper No. 13.6 Further- 
more, all available official data, whether published or unpublished, were sum- 
marized and plotted for successive periods in Figs. 2 and 3, for six important 
gaging stations on the lower river. These show not only the meanderings of 


TABLE 7.—Maximum Gace HercHts aNnD DiscHarGEes AT MEMPHIS, 
TENN., AND VicKsBURG, MIss. 


Gaee THOUSAND Cupic Frer PER SECOND? 
No. Date janie 
Su) Discharge Storage? Maximum? 
1 June 23, 1858¢ 35.3 (1,300) (180) (1,480) 
2 June 26, 1858 46.982 (1,4002) 
BE April 27, 1862 51.10¢ (1,7002) 
4 March 20-21, 1882 48.752" (1,5402) 
5 March 25, 1884 49.002 (1,5502) 
6 March 16-17, 1890 35.60 1,400 170 1,570 
76 April 24-25, 1890 49.052 (1,5502) 
8 April 2-4, 1891 48.1¢ (1,4902) 
9 May 10, 1892 48.44 (1,5002) 
10 May 22-23, 1893 | 48.34 (1,4952) 
11 March 20-21, 1897 37.66 (1,600) 
12 April 16, 1897 52.48¢ (1,8002) 
13 April 10-11, 1898 37.22 (1,600) 
14 April 24-25, 1898 49.44 (1,5802) 
15 March 20, 1903 40.10 (1,630) 
16 March 28, 1903 51.802 (1,8002) 
17 April 11, 1904 39.20 1,620 atts 1,620 
18 February 3, 1907 40.30 (1,700) 
19 February 12-13, 1907 49.654 (1,7002) 
20 March 22, 1909 38.60 (1,600) 
21 April 1-2, 1909 48.002 (1,5502) 
22 April 6, 1912 45.23 (1,800) _ 240 2,040 
23 April 12, 1912 51.654 (1,850¢)  * (3002) (2,1502) 
24 April 9, 1913 46.55 (2,030) 220 2,250 
25 April 27-28, 1913 52.204 (1,9002) (3002) (2,2002) 
26 February 9, 1916 43.4 (1,750) Es ,750 
27 February 15, 1916 53.852 (1,7002) 
28 April 23, 1917 49.984 (1,7302) 
29 April 27, 1920 50.90¢ (1,825) 
30 April 1-2, 1922 42.5 (1,560) Set 1,560 
31 April 28, 1922 54.854 1,826 
32 April 23-25, 1927 45.8 (1,860) 500 2,360 
33 May 4, 1927 58.40¢ (2,145) (3502) 2,495¢ 
34 July 12-16, 1928 49.304 (1,6702) 
35 May 25, 1929 41.5 (1,600) aoe 1,600 
36 June 6-7, 1929 55.2¢ 1,741¢ 1,741¢ 
37 February 19, 1932 38.7 1,308 es 1,308 
38 February 28-29, 1932 50.274 (1,4102) 1,410 
39 April 9, 1933 40.1 1,416 ae as 
40 June 10, 1933 47,502 1,360¢ 1,3602 
41 March 19, 1934 30.0 839 netans des 
42 April 13-14, 1934 34.584 8772 8774 
43 April 17, 1936 40.3 1,360 AND 1,360 
44 April 30, 1936 42.544 1,280¢ 1,2802 
45 February 7, 1937 50.4 2,020 500 2,520 
46 February 17-22, 1937 53.2¢ 2,080¢ 2,080 


« Discharges marked thus: —are Vicksburg readings, and the remainder are Memphis readings. Values 
in parentheses are unofficial or estimated quantities. % Additional floodway and valley storage discharge. 
¢ Maximum river and floodway discharge. ¢ Item 1 represents the record-period maximum for 40 years or 
more preceding 1858. ‘ 


the rating curves, but also the near approach to constancy for considerable 
periods, and particularly in the lower segments of such curves. 

Further evidence concerning the progressive minor changes in rating curves, 
showing the relation of gage reading to river discharge, is offered in Table 7. 


16 Report on the Physics and Hydraulics of the Mississippi River,”’ by A. A. Humphreys and Henry 
L. Abbot, Professional Paper No. 13, Corps of Engrs., U. S. Army, 1876, Appendix C and Plate X. 
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LEGEND 
1=1882 9=1907-8 


2=1884-5 10=1909 is AS 
3=1889-90 11=1911-12 

4=1891 12=1913 
5=1892 13=1916-17 
6=1893-5 14=1919-20 
7=1897-8 15=1922- 


8=1903-6 ~~ ——|__—*:16=1925- 


(a) RED RIVER LANDING 
1882 - 1931 


(b) CARROLLTON 
1910-1929 


0.2 0.4 0.6 0.8 1.0 1.2 


Discharge, in Millions of Cubic Feet per Second 


Fie. 3.—DIscHARGE OF THE Mrisstsstppr River, IN Lovistana 
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Table 7 lists the official, derived, and estimated quantities for the principal 
flood events to date, beginning with the 40-yr (or longer) maxima recorded at 
both Memphis, Tenn., and Vicksburg. This tabulation indicates that an ad- 
dition of about 67% to the peak discharge at these two stations produced corre- 
sponding increases in maximum gage readings of 15.1 ft and 11.4 ft, respectively. 
Some undetermined part of these changes must be ascribed to reduced lateral 
flood-plain storage and total flood-channel section, due to confinement by levees. 
For Vicksburg, the rise of flood surface due to restrictions by levees was ap- 
proximately 5 ft, according to data in Fig. 2(d). There is shown likewise some 
evidence of increased channel capacity during early periods, associated with 
removal of snags or other obstructions to navigation as well as to stream flow; 
and finally, in the 6-yr period, 1931 to 1937, the influence of cutoffs apparently 
restored the maximum discharge capacity, as proved by the low position of the 
rating curve No. 14. This is likewise in accordance with the findings of Brig.- 
Gen. Harley B. Ferguson,!”7 M. Am. Soc. C. E., during his tour as President of 
the Mississippi River Commission. 
Similarly, the writer found:!8 


“For example, the gage-heights of 46.2 feet corresponding to a discharge 
of 1,520,000 cfs (Stages and discharge-observations, Lower Valley of the 
Mississippi River; Mississippi River Commission report, 1937) on March 
30, 1891, was exceeded by 4-feet or more for equal discharges during the 
past 15 years or so.” 


In Fig. 4 are depicted the yearly, 5-yr, and 10-yr trends of precipitation at 
Marietta, and the Mississippi River runoff depths in inches over the watershed 
at Vicksburg, throughout the 123 years of record, including 1939. Apparently 
a fair correlation is obtained for 92 years, or 75% of the time on a yearly basis, 
slightly better on the 5-yr basis, and still more uniformly on the 10-yr basis. 
Likewise, the graphs of cumulative rainfall and runoff departures have several 
points in common, or nearly so, on the scales adopted; and either the parallelism 
of trends or their close association and interweaving of lines proves beyond 
reasonable challenge that this one rainfall station is more of an index to Missis- 
sippi River discharge at Vicksburg than would ordinarily be expected. No 
doubt a part of the explanation lies in the fact that Marietta is near the center 
of the most productive tributary basin, contributing nearly 50% of the dis- 
charge at Vicksburg. The addition of other outstanding station-records as 
they became available, up to a total of 10, was found to improve the correlation in 
some parts of the record; but the addition of widely distributed stations to a total 
of 50 seemed to disturb such correlation of the latter part of the record, as if too 
much weight was being accorded the areas of low runoff, such as the Great Plains. 

For plotting the rainfall and runoff data to afford the most convenient com- 
- parison, it was found advisable to utilize a scale for precipitation depths either 
four or five times the scale adopted for runoff depths, as shown in Fig. 4. For 
the lower part of the drawing, dealing with cumulative departures, the datum 
or zero lines do not coincide. In the upper part of the same figure, the mean 
annual precipitation and runoff depths are slightly separated. 


17 “Effects of Mississippi River Cut-Offs,”’ by Harley B. Ferguson, Civil Engineering, December, 1938, 
p. 828, Fig. 24. 
18 Transactions, Am. Geophysical Union, 1939, p. 165. 
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TABLE 8.—SummarizEp DIscHARGE RECORDS AND DERIVED OR Estar 
(Parentheses Designate Unoffic« 


Tn Ti 


YEARS OF 
RECORD Diane 
iv Station age 
No. _ River Sta ee 
Gag- |Gage 
ings | Hts 1933-34 
Column No. 1 2 3 4 
> | Unitse (vr) | (vr) | (Sq mile)} fs 
3 | Allegheny Franklin, Pa. 20 54¢ 5,982 6,846 
4 Kisiiminetas Avonmore, Pa. 31 des 1,723] 2,260 
5 | Tygart Fetterman, W. Va. BT he ea 1,304 1.887 
6 Cheat Pisgah, W. Va. 25 25¢ 1,360] 2,219 
7 | Youghiogheny| Connellsville, Pa. 29 66¢ 1,326 1,757 
8 | Monongahela | Charleroi, Pa. 5 53 6,213 6,260 
i Sewickley, Pa. 5 67¢ 19,500; 20,960 
19 one Wheeling, W. Va. she |. OS 24,800] (23,300) 
11 | Ohio Parkersburg, W. Va. -.. | 51 37,914] (29,820) 
12 | Ohio Huntington, W. Va. 4 25 55,200} (46,030) 
13 | Ohio Cincinnati, Ohio Mant 368. 76,580] (59,000) 
14 | Ohio Louisville, Ky. 4 67 91,200] (68,200) 
15 | Ohio Evansville, Ind. Jee 46 107,000] (84,000) 
16 | Ohio Metropolis, Iil. {oe | 80° | 203,000] 161,000) 
17 | Muskingum McConnelsville, Ohio 17 26 7,411] “2,879 
18 | Kanawha Kanawha, W. Va. 61 61 8,367 7,824 
19 | Scioto Chillicothe, Ohio 17 31 3,847 883 
20 | Miami Hamilton, Ohio 27 29¢ 3,639 1,179 
21 | Licking Catawba, Ky. 10 52¢ 3,320] 2,240 
22 | Kentucky Lockport, Ky. 11 53¢ 6,170 5,346 
23 | Green Livermore, Ky. 8 40 7,500 7,791 
24 | Wabash Mt. Carmel, Ill. 11 54 28,60 8,043 
25 | Cumberland | Nashville, Tenn. 50 65 12,860] (16,700) 
26 | Holston near Rogersville, Tenn. | 36 37 3,035 2,848 
27 | Little Ten- 
nessee McGhee, Tenn. 33 35 2,443 3,909 
28 | Clinch below Norris Dam 11 55¢ 2,913 3,200 
29 | Hiwassee Charleston, Tenn. 19 56 2,29. 3,217 
30 | Tennessee Chattanooga, Tenn. 64 65 21,400} (26,000) 
31 | Tennessee Florence, Ala. 44 67 30,810 7,400 
32 | Tennessee Johnsonville, Tenn. 49 62 38,520] . 46,140 
33 | Mississippi Elk River, Minn. DSi ih cons 14,500 1,454 
34 | Mississippi St. Paul, Minn. 48 61 36,800 1,935 
35 | Mississippi La Crosse, Wis. 9 64 62,800} 11,300 
36 | Mississippi Le Claire, Iowa 65 65 88,600} 18,870 
37 | Mississippi Keokuk, Iowa 60 val 119,000} 21,540 
38*| Mississippi Grafton, Ill. 39 59 170,000} (36,800) 
39 | Mississippi St. Louis, Mo. 10 81 701,000 y7 
40 | Mississippi Memphis, Tenn. 9 67 932,800 244, 285 
41 | Mississippi Arkansas City, Ark. 39 59 | 1,130,700] 286,900 
42 | Mississippi Natchez, Miss. 35 | 105 1,149,400 (208,150) 
43%) Mississippie | 9 .5.s25.05.. b 45 65 | 1,242,700) (342,665 
44 | Minnesota Mankato, Minn. SBS Oe, 14,600 136 
45 | St. Croix St. Croix Falls, Wis. Bae ee AS 5,930 1,754 
46 Chippewa Chippewa Falls, Wis. Pan lal tae Ae 2,563 
47 | Wisconsin Muscoda, Wis. 24 66¢ 10,300 4,454 
48 | Rock Como, Ill. 24s Poe 8,7 1,741 
49 | Iowa ’ Wapello, Iowa 23 il oes 12,480 1,210 
50 | Des Moines Keosauqua, Iowa 25 32 13,900 607 
51 | Illinois Peoria, Ill. 28 67 13,48 10,810 
52 | Missouri Fort Benton, Mont. 57 57 24,600 4,952 
53 | Missouri Hermann, Mo. 39 | 65 | 528,200] 29,750 
54 | Osage Bagnell, Mo. 13))| cee 4,000} 2,381 
55 | White Clarendon, Ark. Tis ipod 25,750] 17,709 
56 | Arkansas Little Rock, Ark. 39 67 157,900} 18,740 
57 | Yazoo Greenwood, Miss. 11 54¢ 7,450 5,720 
58 | Red Alexandria, La. 39 67 65, 850] (20,085) 


Mean DiscHARGE FOR DESIGNA‘S 


Water Years, October 1 to Septemr 


«Cfs = cubic feet per second; esm = cubic feet per second per square mile. 
! a 


1934-35 
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UANTITIES AT SELECTED STATIONS IN THE MuississrprPr1 River Basin 
erived, or Estimated Quantities) 
cRIODS ENDING SEPTEMBER 30, 1938, anp PERCENTAGES OF Latest Five-YEaR Mrans 
Years of Record; Observed, (Derived), or (Estimated) 
937-38 5 10 15 20 25 30 
8 9 10 11 12 13 14 15 16 17 18 
cfs cfs csm cfs A cfs lo cfs % % % 
10,970 9,717 | 1.62 9,500 97.8 10,036 | 103.3 9,747 | 100.3 | (103.9) | (106.0) 
(2,765) | 3,170 | 1.84 2,789 88.0 3,003 94.7 2,952 93.1 93.0 95.8 
83 2,658 | 2.04 2,447 92.1 2,633 99.1 2,594 97.6 97.1 98.2 
3,360 3,080 | 2.26 2,852 92.6 (3,000) | 97.4 (2,990) | 97.1 (98.5) | (100.6) 
2,410 2,520 | 1.90 2,311 91.7 (45 97.2 (2,441) | 96.9 96.9 99.2 
9,341 8,982 | 1.72 (8,260) | 92.0 (8,870)| 98.8 (8,860) | 98.6 | (98.6) | (101.3) 
33,120 | 31,090 | 1.595 | (30,000)| 96.5 | (31,600)| 101.5 100) 101.3 | (101.6) | (101.3) 
(39,270) | (36,530) | 1.473 | (35,130)| 96.2 ene 101.6 | (36,900) | 101.0 | (101.6) | (101.0) 
(55,490) | (50/880) | 1.342 | (48,370)| 95.1 | (51,000)| 100.2 | (50,600)| 99.5 | (100.2) | (99.3) 
$5,240 "730 | 1.408 | (71,680)| 92.2 | (73,000)| 93.9 | (74,000)} 95.2 fee (96.8) 
108,700 |(100,860)| 1.317 | (94, 00) 93.9 | (96,000)| 95.2 | (98,000)| 97.2 (99.0 pe 
124,000 | 116,920 | 1.282 (111,220 95.1 |(114,000)| 97.5 |(116,000)} 99.2 | (100.5) | (99.2) 
144/200). |(140,800) | 1.316 |(134,000)} 95.2 |(140,000)| 99.4 |(143,000)| 101.6 | (101.3) | (99.4) 
269,800 | 255,940 | 1.261 | 253,970 99.2 | 263,000 | 102.7 | 272,000 | 106.3 | 104.7 | 107.4 
8,504 7,330 | 0.996 6,891 93.4 7,200 97.6 (7,250) | 98.2 (98.9) | (98.9) 
13,170 | 12,499 | 1.494 11,561 92.5 11,656 93.3 11,821 94.6 95.3 95.1 
3,503 2,879 | 0.748 3,257 | 113.1 3,427 | 119.0 (3,300) | 114.6 | (110.0) | (109.8 
4,439 2,948 | 0.810 3,168 | 107.5 3,387 | 114.9 '478 | 118.0 | 120.1 | (117.0 
3,516 4,387 | 1.321 3,986 90.9 (4,060) | 92.5 (4,150) | 94.6 (95.7) | (95.7 
(7,270) | 8,539 | 1.384 8,052 94.3 (8,200) | 96.0 (8,400) | 98.4 (99.5) | (99.5 
(9,553) | 11.530 | 1.537 | (10,874)| 94.3 | (11,000)]} 95.4 | (11,700) | 101.5 | (104.1) | (102.3) 
35,020 | 23,907 | 0.836 92 108.5 | (27,000)| 112.9 | (27,000)| 112.9 | (112.1) | (112.1) 
(48,000) | (19,820) | 1.541 | (20,128)} 101.6 57: 103.8 | 21,584 | 108.9 | 108.4 | 108.8 
4,647 4,229 | 1.393 4,120 97.4 4,183 98.9 4,257 | 100.7 | 100.2 99.8 
447 5,240 | 2.145 5,431 | 103.6 5,280 | 100.8 5,669 | 108.2 | 110.4 | 112.7 
4'303 4,283 | 1.470 4,316 | 100.8 (4,350) | 101.6 (4,400) | 102.7 | (102.7) | (103.9) 
4,633 4,215 | 1.834 4,656 | 110.5 (47 106.2 "791 | 113.7 | (112.5) | (113.9) 
35,720 | 34,566 | 1.615 | 35,283 | 102.1 34,762 | 100.6 36,702 | 106.2 | 105.2 | 105.9 
49,600 | 49,192 | 1.597 51,506 | 104.7 50,604 | 102.9 53,443 | 108.6 | 106.8 | 107.7 
58,330 | 59,290 | 1.539 63,205 | 106.6 62,597 | 105.6 | 66,258 | 111.8 | 108.9 | 109.6 
2,910 | 0.201 2,941 | 101.1 3,197 | 109.9 3,663 | 125.9 | (146.0) | (140.7) 
ois 4,910 | 0.133 4,906 99.9 5,346 | 108.9 6,492 | 132.2 | 158.3 | 157.3 
30,390 | 21,154 | 0.337 19,947 94.3 | (21,150) |. 100.0 | (23,000)} 108.7 | (114.6) | (114.6) 
49,770 | 36,200 | 0.409 35,845 99.0 37,734 | 104.2 "566 | 109.3 | 114.5 | 114.0 
65,520 | 48,380 | 0.407 | 48,218 99.7 50,352 | 104.1 51,880 | 107.2 | 112.3 | 112.8 
(99,000) | (80,000) | 0.471 84,844 | 106.1 93,130 | 116.4 | 93,900 | 117.4 | 120.9 | 120.9 
té6'300 | 134,520 | 0.192 | 145,670 | 108.3 |(165,500) | 123.0 |(168,200) | 125.0 | (129.0) (127.8) 
445'500 | 413.550 | 0.443 | 426,000 | 103.0 |(460,000)| 111.2 |(472.000)| 114.1 | (114.9) (115.3) 
550,700 | 500,140 | 0.442 | 514,400 | 102.9 | 555,800 | 111.1 | 574,870 | 114.9 (116.5) | (117.3) 
373.200) |(523,670) | 0.456 |(539,600) | 103.0 |(567,100) | 108.3 |(579,000) | 110.6 (110.8) | (110.7) 
668,000) |(581,870) | 0.468 |(596,085) | 102.4 |(629,200)| 108.1 |(649,800) 111.7 | (110.7) | (110.9) 
1,939 | 1,070 0.073 99 92.9 (1,160) | 108.4 (1,410) | 131.8 | (179.0) | (186.9) 
0.565 3,045 90.9 3,079 91.9 3,154 94.1 98.5 96.7 
794 ree 0.865 4,233 87.4 4,396 90.8 4,588 94.8 98.4 | (97.4) 
11,380 8.247 | 0.801 7,983 96.8 8,388 | 101.7 3487 | 102.9 | 104.9 | (105.4) 
6,855 4,502 | 0.517 4.675 | 103.8 5,169 | 114.8 5,331 | 118.4 | 120.1 | (120.1) 
5,139 4.717 | 0.378 5,372 | 113.9 5,648 | 119.7 5,702 | 120.9 | 123.8 | (120.8) 
3,675 3.522 | 0.253 4,007 | 113. 4.035 | 114.6 4.400 | 124.9 | 134.0 | (131.6) 
17,410 | 15,250 | 1.131 16,405 | 107.6 17,617 | 115.5 17,158 | 112.5 | 109.5 | 108.4 
0.187 5,122 | 111.2 6,232 | 135.2 6,496 | 141.0 | 155.8 | 165.3 
Bras0 63°50 0.101 59,520 | 111.7 71,257 | 133.7 73,165 | 137.3 | 142.0 138.9 
3303 | 8,211 | 0.587 7,527 91.7 9/285 | 113.1 (9,600) | 116.9 | (121.8) (125, ) 
quo] seep | 118 | 3838 | Iss | GEE] Tne | GRO | es | os | date 
‘ 100. : : \ } 
dt ae (9 oec8) as 10303 1048 | (10,500)| 106.9 | (10,500)| 106.9 | (101.8) (106.9) 
50,000) | (30,060) | 0.456 30,120 | 100.2 | 29,090 96.8 63 101.9 97.0 6 


Red River Landing, La. 


—— 


¢ Gage heights recorded at a neighboring station. 
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TABLE 8—(Continued) 


' 


Mean DiscHarGp AND PerRcENTAGES (Continued) Maximum DIscHARGE 


Years of Record (Continued) 


No Q (max) Date 

40 50 60 65 80 _ 100 

19 20 21 22 23 24 25 26 27 

% % % % % % cfs csm 
3 107.0 108.0 107.0) (106.5) (106.0) (105.0) 196,000 32.8 3-17-1865 
4 ’ or) : aS : (99.1) (98.4) (97.5) (96.2) 200,000 116. 3-18-1936 
5 (99.3) | (100.1) | (102.5) (102.0) (101.6) (99.7) 74,300 57.0 7-25-1912 
6 | (100.7) (98.7) (98.1) (97.4) (96.1) (94.8) 160,000 118. 7-10-1888 
ig (98.8) (99.2) | (100.0) (100.0) (99.2) (98.0) 92,500 69.8 3-18-1936 
8 | (101.6) | (102.0) | (101.6) | (101.3) (101.0) (100.0) 156,000 29.9 7-11-1888 
9 (100.3) (100.7) | (101.6) (101.6) (100.0) (98.4) 574,000 29.4 3-18-1936 


10 | (102.1 102.9 104.0 (108.7) | (105.0) | (104.0) 507,000 20.4 2 — 1884 

J 1 ¢ (lo4.2) (103.8) | (103.9) | (102.6) (600,000) 15.8 3-30-1913 
12 (99.8) | (103.6) | (104.2) | (103.8) | (102.9) | (101.6) 654,000 11.8 1-28-1937 
13 | (101.1) | (104.1) | (104:9) | (104.1) | (103.1) | (102.1) 894,000 11.6 1-26-1937 
14 | (101.5) | (104.3) | (105.2) | (104.3) BL .5) | (102.6) | 1,110,000 12.2 1-26-1937 
15 | (101.2) | (103.7) | (105.8) | (104.4) 104.0) | (105.0) | 1,410,000 13.2 1-29-1937 


16 | 105.5 | (103.9) | (107.4) | (105.9) | (107.1) | (111.0) | 1,850,000 9.1 2- 1-1937 


17 | (100.0 ge 104.0) | (103.0) | (103.8) | (103.0) 270,000 36.4 3-27-1913 
18 G00.) g ? Coa2 (102.4) | (103.2) | (102.4) 270,000 32.3 9-14-1878 


19 | (107.7) 12. 0) (113.0) | (114.0) | (111.0) | (110.0) 260,000 67.6 3-26-1913 
20 | (108.5) | (113.6) | (115.3) | (117.0) | (113.6) | (111.9) 352,000 96.7 3-26-1913 
21 (98.0) | (100.3) | (103.9) | (104.9) 86,200 26.0 1-23-1937 
22 | (101.9) | (104.2) tae (108.0) 99,000 16.0 1-24-1937 
23 | (103.2) | (104.1) | (107.5 (108.0) 208,000 27.7 1-27-1937 


24 | (108.8) | (110.8) | (112.9) | (112.1) | (112.9) | (117.1) 428,000 15.0 3-30-1913 
25 | 105.9 105.0 | (104.6) | (104.4) | (103.9) | (106.0) 203,000 15.8 1— 1-1927 


26 | (106.4) | (106.4) | (111.1) | (108.8) | (109.9) 110.8 (200,000) 65.9 3-10-1867 | 36.3 | 


27 | (114.5) | (114.5) | (115.8) 116.4) (137,000) 56.1 3 — 1867 | 278. 
28 | (105.1) | (106.2) | (108.6) 109.7) 70,000 24.0 3-23-1929 13.0 | 
29 | (118.6) | (118.6) | (121.0) 122.2) 70,000 30.5 3-31-1886 14.6 | 


30 | 107.4 107.9 110.2 110.9 (109.9) | (112.8) 459,000 21.4 3-11-1867 | 31.4 


31 | 107.3 | (107.7) | 109.8 110.8 (109.8) | (113.8) 444,000 14.4 3-19-1897 | 25.3 
32 | 108.0 107.3 | (109.6) | (110.5) | (109.6) | (113.0) 460,000 11.9 3-24-1897 | 23.4 © 
33 | (154.5) | (159.6) | (164.9) | (161.5) | (160.0) | (156.0) 31,300 2.2 4— 5-1917 2.6 
34 | 179.4 | (181.3) | (190.0) | (185.3) | (183.3) | (177.2) 107,000 2.9 4-29-1881 5.6 | 
35 | (129.1) | (127.6) | (130.0) | (129.1) | (129.1) | (127.6) (160,000) 2.6 6-19-1880 6.4 
36 | 124.3 123.5 130.8 132.1 (132,6) tet f 2.8 6-25-1880 8.4 
37 | 120.5 118.1 125.6 (126.9) | (128.2) | (126.1 314,000 2.6 5-18-1888 9.1 
38 | 126.6 | (123.8) | (130.0) | (131.3) | (132.5) | (130.0) (350,000) 2.1 6 — 1844 8.5 
39 | (131.9) | (128.0) | (183.3) | (133.3) | (131.0) | (128.8) | 1,300,000 1.85 6-28-1844 15.5 
40 | (116.1) | (113.2) | (117.0) | (116.1 (115.8) | (116.6) | 2,520,000 2.70 2-9-1937 | 26.1 
41 | (117.6) ee (115.2) | (114.4 (114.0) | (117.0) | 2,160,000 1.91 2-16-1937 | 20.3 
42 | (111.2) | (110.1) | (110.4) | (110.8 (111.9) | (115.7) | 2,050,000 1.78 2-19-1937 19.1 
43 | (111.0) | (109.6) | (110.0) | (110.3) | (111.4) | (114.8) |(2,620,000) 2.11 2-18-1937 = 
44 | (200.0) | (196.3) | (215.0) | (205.6) | (200.0) | (196.0) 65,000 4.45 4 — 1881 5. 
45 | (103.3) | (104.4) | (107.4) | (107.4) | (106.0) | (104.0) 35,800 * 6.04 3-26-1920 4.6 
46 | (105.0) | (106.0) | (112.0) | (112.0) | (110.0) | (108.0) 78,000 13.9 3-27-1920 10.4 
47 | (111.0) | (110.0) | (115.0) | (115.2) | (113.0) Peas 80,800 7.84 9-16-1938 8.0 
48 | (125.0) | (122.8) | (128.8) | (129.9) | (128.0) | (129.0 51,000 5.86 2-22-1937 5.5 
49 | (124.0) | (121.9) | (127.2) | (129.3) | (126.0) | (128.0) 67,500 5.41 3-19-1929 8.0 
50 | (138.1) | (133.4) | (140.8) | (142.0) | (139.1) | (136.3) 97,000 6.98 6- 1-1903 8.2 
51 | (112.6) | (110.8) | (114.1) | (114.8) | (414.1) | (111.4) 58,300 4.32 | 10- 9-1926 5.0 
52 | 173.7 179.7 182.6 (180.0) | (175.8) | (169.3) 140,000 5.69 6— 7-1908 8.9 
53 | 140.5 | (185.1) | (138.8) | (137.0) | (131.3) (127.6) (600, 000) 1.14 6-19-1844 8.3 
54 | (131.3) | (187.6) | (146.1) | (143.7) | (140.0) (137.0) 150,000 10.7 6 — 1844 12.7 - 
55 | (104.6) | (108.1) | (101.1) | (104.6) | (101.1) (101.1) 440, 000 17.1 4-23-1927 | 27.4 
56 | 104.2 | (110.8) (99.8) | (105.3) | (104.2) | (102.5) 422 000 2.67 6-22-1935 10.6 
57 (96.8) (96.8) (96.8) (99.8) (99.8) (98.8) 72,900 9.8 1-29-1932 8.4 
58 96.1 (99.8) (96.5) (96.5) (99.8) | (103.1) 210,000 3.2 7— 2-1908 8.2 
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Table 8 includes some of the most outstanding records of stream discharge 
to be found within the Mississippi Basin, either because of length of actual 
record of stream flow or of gage heights, or their association with other station- 
records from which extensions may be made with some assurance of their relia- 
bility. The mean discharges for various periods of record are expressed as 
percentages of the 5-yr mean, 1934-1938, which includes one year of very de- 
ficient rainfall and runoff, and one or more years of high floods. 

The discharge in cubic feet per second for each of the 5 years included in 


; 


the latest period there considered, the 5-yr mean in cubic feet per second per — 


square mile, and the cubic feet per second quantities up to 30 years are all 
included, so that comparisons may be made conveniently among the various 
station records. 

Like data are available for all of the important stations within the Missis- 
sippi Basin (more than 400 in all) dealing with graphic interpretation of hy- 
drologic data in relation to land use. 

To cover the assignment as outlined, it was found necessary to make evalua- 
tions of actual stream discharge, both for peaks and for monthly, yearly, and 
total record means. The inequalities encountered in the lengths of various 
station records led to the comparison, segment by segment, and to the ex- 
tension of the shorter ones with the aid of neighboring station data. Thereby 
the records of the principal tributaries as well as the main river stations have 
been extended somewhat beyond the periods of previous evaluation, but gen- 
erally not far beyond the period for which either gage readings or actual dis- 
charge determinations were available, in the vicinity. 

If the methods used in making these compilations are acceptable to the 
profession, or if such modifications are suggested as will make the results more 
nearly what is required, then a foundation will be available on which to as- 
semble, compare, and interpret the land use information. 


ACKNOWLEDGMENTS 


Acknowledgments are due the office of the chief of engineers and also of | 


the Mississippi River Commission for data supplied either in published or un- 
published form, with permission to use such information; the chief of engineers, 
Maj.-Gen. Julian L. Schley, M. Am. Soe. C. E., for his review of the basic 
methods used and for valuable suggestions; members of the U. 8. Geological 
Survey for great volumes of required information, and particularly to N. C. 


Grover and R. W. Davenport, Members, Am. Soc. C. E., and G. C. Stevens. 


Acknowledgment is also made to members of other federal departments and 
bureaus dealing with basic data, particularly the U. S. Weather Bureau, the 
Soil Conservation Service, the International Boundary Commission and its 
engineer, Karl F. Keeler, M. Am. Soc. C. E.; Maj. Harry Larson, Assoc. M. 
Am. Soc. C. E., Engineers’ Reserve, for the use of his 40-yr discharge deter- 
minations on the Lower Mississippi, incorporating many helpful suggestions 
and technical direction of the late Floyd A. Nagler, M. Am. Soc. C. E.; and the 
following members of the Soil Conservation Service: C. E. Ramser, M. Am. Soc. 


C. E., and R. 8. Goodridge, Assoc. M. Am. Soc. C. E., also R. L. Stevens, 


Assoc. M. Am. Soc. C. E., and H. C. Murto, for both assistance and encourage- 
ment in a tedious undertaking. 


AMERICAN SOCIETY OF CIVIL ENGINEERS 
Ponadedy November Son 852 


DISCUSSIONS 


PILE-DRIVING FORMULAS 


PROGRESS REPORT OF THE COMMITTEE ON THE 
BEARING VALUE OF PILE FOUNDATIONS * 


Discussion 


By C. W. DUNHAM, M. Am. Soc. C. E. 


C. W. Dunnam,” M. Am. Soc. C. E.4*—The Committee might be more 
specific in its statements regarding the kinds of materials in which the safe 
static loads on piles seem to have the most direct relationship to the resistance 
encountered in driving the piles. As the writer understands it, such cases are 
approximately as follows: 


(1) Piles of moderate length driven through very soft materials to, and 
slightly into, sands and gravels that are not underlain by highly compressible 
soils, these piles being primarily end-bearing ones; 

(2) Piles driven into deep beds of sand that are not underlain by highly 
compressible soils and that are not of a quicksand nature, these piles being 
largely of the friction type; and 

(3) Piles driven through moderately thick layers of compressible soils and 
then slightly into a noncompressible stratum not underlain by other com- 
pressible strata, the piles offering resistance partly because of friction and partly 
because of end bearing, the conditions being such that the pile “fetches up” 
rather suddenly when driven, and such that a large proportion of the load can be 
earried by end bearing, if necessary, without objectionable settlement. 


It is probably true that the preceding conditions are seldom serious for any 
reasonably good pile foundation and, if so, they can be treated separately from 
the dangerous conditions with, perhaps, beneficial emphasis upon the latter. 


Nore.—This Report was published in May, 1941, Proceedings. Discussion on this paper has appeared 
in Proceedings, as follows: September, 1941, by Messrs. G. G. Greulich, C. O. Emerson and D. O. Northrup, 
Harry J. Engel, and John D. Watson; October, 1941, by Messrs. Robert D. Chellis, Lazarus White, John 
G. Mason, Carlton 8. Proctor, George Paaswell, and Abraham Woolf; November, 1941, by Messrs. Howard 
T. Evans, William G. Atwood, Donald M. Burmister, Wallace E. Belcher, Clement C. Williams, and 
D. P. Krynine; December, 1941, by Messrs. Trent R. Dames and William W. Moore, Maxwell M. Upson, 
Gregory P. Tschebotarioff, Robert F. Legget, and Jacob Feld; January, 1942, by Messrs. Lewis C. Wilcoxen, 
H. A. Mohr, and A. E. Cummings; and February, 1942, by Messrs. Karl Terzaghi, Ralph B. Peck, and 
Arthur Casagrande. 

74 Asst. Prof., Civ. Eng., Yale Univ., New Haven, Conn.; and Structural Engr., Phelps Dodge Corp., 
New York, N. Y. 

74a Received by the Secretary February 13, 1942. 
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At any rate, a pile-driving formula for such cases may be used with some degree 
of confidence, provided that (as Hardy Cross, M. Am. Soc. C. E., has often 
stated) experience has shown that the results have given satisfactory answers to 
the questions: “Is it safe? Is it wasteful?” 

A formula for such cases should be simple and easily used. One which 
depends upon various and variable coefficients, whose values are subject to 
guessing and change without notice, is confusing and deluding. Every one 
agrees that the results obtained from such a formula are not correct but, if 
they are reasonably so and moderately conservative, one may as well arrive at 
the results simply rather than through devious mathematical procedures whose 
greater value is probably psychological rather than real. Whether or not the 
‘Engineering News” formula is satisfactory is a question. In any case, it has 
an extensive and valuable history of use from which engineers can obtain a con- 
clusion regarding its acceptability under the foregoing conditions. 

In the cases of pile foundations in deep strata of compressible soils, or when 
underlain by such soils, there is real danger of objectionable settlement. The 
general public, as well as engineers, should be warned of this emphatically with 
the hope that owners and financial backers of projects will authorize adequate 
investigations and tests of conditions at each site, prior to completion of the 
design, if possible, but certainly before the letting of contracts and the starting 
of construction. They should be warned also that there is no good substitute 
for the knowledge and judgment of capable engineers who have had adequate 
experience in such foundation problems. 

However, the Committee is faced with the question of what to advise 
engineers to do when designing and building small structures on compressible 
soils for which suitable tests are not, or cannot be, made in advance. The 
designer must proceed with something, and the contractor needs specific data 
upon which to bid. If the Committee gives no pile-driving formula, the 
engineers concerned with the job will almost surely decide upon a safe load for 
the piles, and then they will select a formula of their own choosing to guide 
them, striving to realize the hoped-for bearing capacity, meanwhile feeling that 
the Committee has left them adrift. 

Rather than this, it seems desirable for the Committee to adopt a pile- 
driving formula even for these cases, poor though it may be. With little possi- 
bility of being correct anyway, the formula should be simple. Too complicated 
a formula may induce people to think that it really is reliable. Then the 


Committee should state in the strongest possible language that, denied the | | 


assistance of proper tests in advance, the designer must do the following: 


(1) Accept no alternative to a course of conservatism because he must deal 
with factors that affect the safety of life and property; and f 

(2) Let the hidden costs due to this conservatism be a financial burden 

_carried unconsciously by the owner because of the lack of adequate information. 


eect In February, 1942, Proceedings, page 321, transpose Figs. 13 
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Tuomas R. Aaa,® M. Am. Soc. C. E.**—The several papers presented in 
the Symposium on depreciation give the impression that one may consider that 
there are several depreciations existing in a property at any time and that one 
may select the particular depreciation that is applicable to the purposes of a 
particular analysis. This is a fundamental misconception that has retarded 
greatly the correct handling of the loss of value of physical assets through age 
and use in valuation and accounting. 

Perhaps the confusion that is so apparent has its origin in the fact that the 
word ‘depreciation’ (de = down + pretium = price) has a definitely quali- 
tative meaning in the strict dictionary sense but over the years has gradually 
come to be used rather in a quantitative sense. One of the first steps toward 
clarification of the subject would seem to be to adopt suitable modifying terms 
to use in conjunction with the word when it is used in a quantitative sense to 
indicate the dollar equivalent of the decrease in future usefulness due to age 
and use, including functional depreciation in so far as it can be estimated. 
~The following may serve to indicate a step toward the clarification of the use 
of terms. : 

Actual depreciation (annual or total) is the true loss of value for the period 
considered, determined by estimating the fair value at the beginning and end 
of the period. This is the one true figure on depreciation and the one that 


Notr.—This Symposium was published in November, 1941, Proceedzngs. Discussion on this Sym- 
posium has appeared in Proceedings, as follows: November, 1941, by Messrs. Edw n F. Wendt and L. T. 
Fleming, and Anson Marston; December, 1941, by Messrs. William G. Atwood, George E. Goldthwaite, 
Nathan B. Jacobs, H. J. Flagg, Nelson Lee Smith, and C. Beverley Benson; and February, 1942, by Messrs. 
Paul T. Norton, Jr., H. L. Ripley, and Carroll A. Farwell. 

33 Dean of Eng., Iowa State College, Ames, Iowa. - 
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must be used when the correct annual or total depreciation reserve accounts are 
being set up and when deductions are being claimed for tax purposes. It is the 
figure that represents the true loss in value of the property from all predictable 
causes and, were it possible to overcome the irrational use of the term “‘de- 
preciation,” it might be wise to adopt this conception as the definition of the 
term for the purpose of engineering economics. 
Theoretical depreciation (annual or total) is an estimate of the loss of value, 
during the period considered, which is made according to some formula that 
does not require the determination of fair value at the beginning and end of the 
period. Theoretical depreciation may be less or greater than actual deprecia- 
tion. It might, by merest accident, be equal to actual depreciation in certain 
cases. The use of theoretical depreciation only, in the management of prop- 
erties, may lead eventually to financial difficulties. 
A point has been made of the difficulty, in a year of low business activity, of 
providing depreciation appropriations from earnings that will be equal to the 
true depreciation of the property during that year. Good management would 
seem to require that the true actual depreciation be known and recognized 
even then. In fact it must be known if the proper deductions are to be used 
in tax returns and in fixing the true value of the property. The annual de- 
preciation appropriation can be made according to the exigencies of the busi- 
ness situation, except for businesses whose rates are under public regulation, 
in which case an annual depreciation appropriation equal to the annual actual 
depreciation should be made before calculating and distributing the net return. 
The several papers make frequent reference to the difficulty of forecasting 
the future service life of a unit of industrial property because of the impact of 
obsolescence, inadequacy, and similar elements of functional depreciation. 
This is a bogey that has long confronted the appraiser, but in reality such fac- 
tors, when actually unforeseeable by qualified experts, have nothing whatever 
to do with the problem. 
| The value of an asset as of today is the present worth of its future operation 
returns. Since they lie in the future, these returns can only be forecast ac- 
cording to the best judgment of qualified persons; but once such a forecast is 
made and accepted by the management of an enterprise, it becomes the present 

-value. Those things that cannot be foreseen cannot affect the value until the 
future has become the present and the now unforeseeable is actually foreseen. 

The same confusion exists in connection with estimates of the probable | 

future service life of units of industrial property. The probable future service | 
life is estimated on the basis of various factors, such as: 


(a) The present physical condition of the unit; 
(6) The nature of the future service so far as that can be foreseen; and 


(c) The mortality characteristics of similar property if they have been 
established. 


Functional depreciation that cannot be foreseen at the time has nothing to 
do with the estimates of future service life; but established mortality data 
should, and usually do, include the.effect of every factor that causes retire- 
ments, such as accidents, changes in the art, inadequacy, supersession, and all 
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like factors—that is, present value is an estimate and probable future service 
life is an estimate. The actual service life cannot be known until it is too late 
for the information to be of any use in dealing with the actual depreciation of 
that particular unit of property. 

If several well-qualified persons make estimates of the actual depreciation 
of a property on the basis of their best judgment, and without bias, it is ex- 
tremely unlikely that they will arrive at approximately identical figures. Try 
having three civil engineers make independent estimates of the value of a used 
transit, for example. There is nothing disconcerting in this situation, and the 
courts have long recognized it to be inevitable. All values rest on the fore- 
casts of the future, and these must always be subject to the uncertainties that 
characterize the human mind when it seeks to penetrate the future. In en- 
gineering economics, however, there is no alternative to the use of the best 
estimates that can be made by those responsible, and such estimates of fair 
value and actual depreciation must be accepted for all administrative purposes 
until the shadows of coming events provide a basis for a re-estimate of the 
situation. . 

There are various philosophies about the economic considerations that are 
applicable to public expenditures for such things as highways, canals, harbors, 
power plants, dams, and the like. One is that such expenditures may be con- 
sidered a governmental function just like those required for the courts, fire 
protection, sanitation, police protection, and similar familiar governmental 
activities. If that is accepted, including the principle that no particular con- 
sideration need be given to the cost of the service so long as there is no mis- 
appropriation of funds, then engineering economics has no place in the 
establishment of policies; but on that basis the costs will inevitably be very 
much higher than really required. If it is desired to furnish service at the lowest 
cost, all alternative methods of producing the service must be studied on the 
basis of the true cost, and this will inevitably require consideration of the 
actual depreciation to be expected. Such things as annual depreciation appro- 
priations and depreciation reserves will not be required, however. 

If the public utility theory of such improvements is preferred, the several 
facilities will be operated by the government on a nonprofit basis, but revenues 
in the form of taxes will be exacted in an amount equal to the annual cost of 
the service. Here again the principles of engineering economics, and especially 
those relating to depreciation, must be considered if the services are to be 
furnished at minimum cost. 

In the long run the public will be served best if governmental agencies keep, 
and utilize intelligently, records that will enable them to determine correctly 
the annual cost of the service of the utility they manage for the public and to 
make periodic reports summarizing these data. 


Conve B. McCuxxoves,* M. Am. Soc. C. E.#—The presentation by 
Messrs. Crum and Winfrey is timely and valuable. All too frequently have 
engineers failed to account correctly for depreciation of public properties. 
0 NS opp is SaaS a Fe Re tS ES 


34 Asst. Chf. Engr., State Highway Dept., Salem, Ore. 
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Furthermore, as these authors so aptly point out, there is apparent a regrettable 
lack of understanding on the part of many engineering administrators in regard 
to the real nature of depreciation as an element of cost. 
Messrs. Crum and Winfrey state (see heading ‘Value and Depreciation: 
Definition of Depreciation’”’): 
“The depreciation of any physical property unit, at any service age, is 
its loss of value, since its service started, due to decrease in the present 


worth of its probable future earned operation returns, below what such 
present worth would be if the unit were still new.” 


This is a clear-cut definition and should serve to eliminate any misapprehension 
as to the nature of depreciation itself. It might be enlightening, however, to 
pursue this definition a little further in order to discover where it leads when 
reduced to mathematical terms. 

Consider a given highway property unit whose first cost is C, and whose 
assumed service life is n years. Assume that the annual income from this unit 
will be uniform throughout its service life, and let such annual income be 
represented by the term Iq. 

The “present worth of the probable future earned operation returns”’ of this 
property unit, as of the date when it was first put into service, is given by the 


expression 
* (l+r)"-1 
ye or, Oe a © 


in which r is the rate of interest or net return. At the end of m years the 
present worth of the probable future returns from this same unit is lessened 
or depreciated by virtue of the fact that it has only n — m years of service left. 
Applying the same formula, the present worth of these probable future returns 
at the end of the m-yr period will be given by the expression \ 


* (l+r)7-™—1 
Pom = 1,| CEO) Sisiisns Ge ete: Sue's ol eheneneenaee (3) 


The depresiated value of this unit at the end of m years obviously may be 
obtained by multiplying its original cost C by the ratio, pa-3 , or 
q. 
Ls-Finytee id rile r)* 
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in which Vpm represents the depreciated value at the end of the mth year. Ifm 
is made equal to unity the expression for the first year’s depreciation is 


én Te 
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The depreciation during any succeeding year (say the mth year) can be 
obtained from Eq. 5 by the formula 


Ben Jp @ bE ae a in pg (6) 


Clearly, therefore, the utilization of the definition of depreciation offered by 
Messrs. Crum and Winfrey (which, incidentally, appears to be the only logical 
and tenable one) develops a parabolic curve exactly coincident with the well- 
known curve for constant increment amortization over the same period. It 
will be observed that the annual depreciation varies from year to year. How- 
ever, the sum of this depreciation and the interest on the depreciated balance 
does not vary but remains constant throughout the entire service period. It 
is given by the formula, 


r 
(ea 6 (tt | BDO eo OO Oud oraee Oks (7) 


This is a very important fact in that it indicates a method whereby the total 
capital cost (Ca-) of any project may be calculated by a single simple formula 
(Eq. 7) once the service life is determined and the interest rate established. 

As shown by Messrs. Crum and Winfrey, the determination of the probable 
service life expectancy n of any individual highway property unit presents a 
problem difficult of exact solution. However, the work being done in connec- 
tion with the various statewide highway planning surveys will eventually yield 
data from which this value can be estimated with some degree of certainty. 

The term r is usually defined as the “fair rate of net return.” Messrs. 
Marston and Agg define’ this as “that rate which is just large enough to secure 
what capital is really. needed for investment in enterprises of the particular 
character.” In view of this definition the rate r is easily established as identical 
with the net interest rate fixed by the highway bond market as of the time of 
construction. With the foregoing data, therefore, it is only necessary to multi- 


ply the first cost of any highway property unit by the term tan pea | 


in order to derive the annual capital cost—that is, the value of annual de- 
preciation plus interest on undepreciated balances. 

The foregoing derivation is based upon the hypothesis that the net rate of 
return will be uniform throughout the service life of the property unit in 
question. Such an assumption is contrary to fact in the case of many highway 
property units because of the possibility of changes in traffic density, or of a 
modification of rate structure by legislative fiat, and for other reasons. For 
the valuation of industrial property units it is often possible to take into account 
any modification in future operating rettrn ratios; but for highway property 
units there appears to be insufficient data at present to support such a refine- 
ment in analysis. 

The foregoing discussion is predicated upon the hypothesis of complete 
depreciation. In the case of highway property units, it is often possible to 
salvage a certain percentage of the original value for utilization in the recon- 


7“Engineering Valuation,” by Anson Marston and T. R. Agg, Ist Ed., 1936, McGraw-Hill Book Co., 
Inc., New York, N. Y. 
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struction. If it is possible to estimate the salvageable component V, of any 
unit, the depreciation curve may be adjusted to take such fact into considera- 
tion, as indicated in Fig. 3. An inspection of this figure will indicate that, if 


Depreciable Component, 


ase 


7 
7 
anaes 


Salvageable 
Component, Vs; 


Actual Service Life » Years tM ae se) Ea, 


Effective Service Life e Years 
Fie. 3 


the depreciation curve is prolonged beyond the point b to intersect the base 
line at point c, a new life value e is determined. From the relationships pre- 
viously demonstrated for depreciation curves, in general, one may then write: — 


_y, | @#oe- +n" 
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from which: : 
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The computation of capital costs can then be handled by substituting the 
effective service life e for the actual service life n in Eq. 7. 

The purpose of the foregoing discussion is simply to translate the Crum- 
Winfrey definition of depreciation into mathematical terms and to indicate that, 
if it is combined with the interest charge on undepreciated balances to form a 
total (which may be termed the capital cost), it can be computed by a single 
‘simple formula and will remain as a uniform charge throughout the years. 

As stated, the only unknown quantity is the service life expectancy n or its 
equivalent e. In regard to highway property units, these data are being ob- 
tained in connection with the various state-wide planning surveys so that as 
the years pass it will be possible to make closer approximations for the initial 
setup. Moreover, since it is possible by means of Eqs. 2 to 10 to calculate 
residual values at the end of any given year, the value of n may be revised at 
any time during the service life of the property unit and depreciation schedules 
modified accordingly. Even though the initial assumptions are somewhat in 
error, it is possible, therefore, by means of frequent inspections and appraisals, 
to modify depreciation schedules so that they may be brought into closer 
coincidence with actual depreciation facts. 


W. V. Burnett,** Esq.***—The question of what to do about depreciation 
of public utility property, although it has been dealt with at great length and 
by many people, still remains a question. Is it necessary to do anything? 

Irrespective of any requirement that has been or may be imposed by regu- 
lation, the fundamental answer is simply this: Prudence in business manage- 
ment requires that provision be made in advance for anticipated future losses— 
losses that occur when the productive usefulness of a property is lowered, and 
that culminate in the complete retirement of property from service when its 
usefulness has finally terminated. The making of such a provision is a process 
- by which certain assets are earmarked as a reserve for this one purpose and no 
other—a process generally referred to as either retirement or depreciation 
accounting. 

During the useful lifetime of a steam boiler, for example, the boiler itself is 
consumed, as definitely as the fuel that is burned in it; and this consumption 
of capital property is as truly a cost of producing steam as the cost of the fuel. 
If this process of retirement or depreciation accounting is to serve its purpose, 
the total cost of the boiler thus will eventually appear on the books of account 
as an expense of doing business. 

At this early stage in the approach to the subject, a much debated question 
arises: “By what particular mathematical program should these retirement or 
depreciation charges be made?” Aside from the factor of regulatory com- 
pulsion, the question can never be answered categorically for all cases; each 
situation requires individual consideration in the light of its own surrounding 
conditions and circumstances. 

Over the active life of a property a reserve must be built up, say from 0% 
at A (beginning of life) to 100% at B (end of life), as a cost of service. The 


35 Stone & Webster Eng. Corp., New York, INS Y. 
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best method of laying out the path from A to B, or of allocating this cost of 
service, cannot be determined without consideration of the price at which the 
service can be sold. Ina particular situation the path from A to B may best be 
that of a straight line; in another, a convex or a concave curve; in still another 
an irregular course, all depending upon the economics of the particular situation 
and the relative ability of the “traffic” to bear the charge at one time as com- 
pared with another. However, it always must be remembered that the total 
cost must be “set off” sooner or later against the total revenue. Where the 
responsibility for decision is left with those who have been entrusted with the 
management of a property, it may be suggested, as a general principle, that 
this cost of service may better be collected from the customer a little too early 
than too late—when the customer may decline to pay it. 

No one, however, may properly conclude that business prudence invariably 
requires the rapid “writing off” of plant investment during the early years of 
its use. To do so, in many cases, would stifle expansion of the business by 
showing “‘losses’’ not in fact realized and, therefore, would be most imprudent. 
To have followed the “rapid-write-off”’ policy in the electric power industry, 
for example, would have resulted in a much higher “cost of service,’ with 
attendant higher rates, and thus would have discouraged the development of 
that industry. 

From the viewpoint of basic principles, the foregoing statement is perhaps 
sufficient for present purposes because management is confronted with a condi- 
tion, rather than a theory, with the artificial factor of regulatory requirements, 
and with certain extremely important corollary implications. This regulatory 
development, it is safe to say, is predicated on the underlying contention that 
management, or those who have been in control of management, in many cases 
have set aside insufficient reserves and, therefore, have failed to fulfil their 
responsibilities; that the reduction in the net book value of the property has 
not been enough to compensate for the depreciation actually suffered; and that 
the management has thus abused its privilege. 

There can be no doubt that in many instances the accrued reserves are 
clearly too small and that dividend policies have often been too liberal, at the 
expense of the reserve. This is not to say, by any means, that a failure of the 
reserve to equal the amount determined by a particular accounting formula is 
sufficient justification for a conclusion as to the present adequacy of the reserve. 

Management is now confronted, however, not so much by a theory as by a 


feo ae 


condition that imposes upon the custodians of industry an urgent obligation to — 


contend vigorously and constructively for an equitable solution of the problem, 
which will definitely preclude the possibility of a confiscation of property. 
Otherwise, the advocates of a most unfavorable formula may succeed in carrying 
its application to the rate base and then “prove” that they are right by being 
in a position to enforce artificially a reduction in value which, as a matter of 
economics, has not occurred in fact. 

Unless the management has labored long under a grievous misapprehension, 
the books of account of a public utility, like those of any business enterprise, 
do not purport to account for value, but for cost. In particular reference to 
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the depreciation reserve, if the management is correct, it is not within the 

province of the accountant to pass judgment as to the propriety of its size on 

the assumption that it is a function of value; but rather the accountant should 
regard it as a provision-for eventual loss in terms of cost, and point out, purely 
* asa matter of fact, the amount which the management has set aside, in anticipa- 
tion of the loss. 

A concept of depreciation accounting has been suggested, under which the 
reserve and the current appropriations to it would be determined on the basis 
of periodical engineering studies of losses actually realized, as opposed to the 
concept that the reserve should contain also a provision for future losses. 
Underlying this concept of accounting only for losses realized is the evident 
desire to harmonize the reserve with the amount of depreciation claimed in a 
rate case. Although this objective of ‘‘consistency,” in the equity of the trans- 
action as between the investor and the customer, is entitled to emphatic 
approval, there is a more practical and prudent way in which that objective 
can be attained. 

If the contribution to the reserve actually made by the customer, as a 
recognized factor in the rates charged to him, is in excess of the deduction, if 
any, which is made in arriving at the rate base, let his current burden be reduced 
by an interest credit on the difference, at an interest rate commensurate with 
the characteristics of the reserve as a senior obligation. Thus, the requirement 
of “consistency” would be satisfied simply and effectually. 

The next move is clearly up to the public utility industry. It must defend 
itself to be sure; but that is not all. It is not enough to oppose a program 
that is patently unfair. Its job is to propose a better one. Surely it is not 
constructive to attack all age-life programs on the mere ground that no one can 
predict, reliably, the life expectancy of utility property, for the most ardent 
proponents of such a program will admit the point and the corresponding 
propriety of a periodical adjustment of the estimates. Is it not a waste of 
valuable time, also, to argue for a return to the previously approved policy of 
retirement accounting, where a transition is now required to depreciation 
accounting? Would it not be a definite and constructive contribution to the 
solution of a serious problem if industry would adapt itself, as best it could, 
to regulatory preferences, so long as the principle of equity is not violated? 

Any requirement that a reserve which was adequate under the previously 
authorized principles of accounting be suddenly built up out of surplus to meet 
the so-called deficiency should be “fought to the last ditch” and without com- 
promise of principle, on the ground of the inequitable nature of such a require- 
ment. From here on, however, why not meet the issue realistically? Develop 
an age-life program that will include a provision for the normal current require- 
ments, plus an increment to recoup, gradually, the theoretical “deficiency” or, 
if the case requires, a minus increment to reduce an over-accrual, so as to bring 
the reserve to the theoretical requirement at some reasonable time in the 
future. : 

Management has available a wide range of latitude within which a specific 
program can be developed that will be the most suitable to the circumstances, 
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and also within the means, of almost any individual situation—all in accordance 
with the technical requirements of regulation and, which is more important, 
will accomplish the necessary transition in a manner that will be completely 
equitable to all the parties who have a legitimate interest in the problem. 


Roger L. Morrison,** M. Am. Soc. C. E.%**—During the period when road 
construction activities were confined primarily to making main highways pass- 
able under all weather conditions, the economic advantages of such construc- 
tion were too obvious to require much study. Under present conditions, 
however, with large expenditures being made and projected for the further 
improvement of roads that are already surfaced, economic factors must re- 
ceive careful consideration if the funds are to be spent wisely. Depreciation, 
of course, is one of the most important of these economic factors and, as Messrs. 
Crum and Winfrey point out, it is one that has been largely ignored in the past, 
at least in accounting. 

The definition of value used in this paper is ‘‘anticipated worth of future 
services” or ‘present worth of probable future service’? (see heading ‘‘Value 
and Depreciation: Definition of Value’). One definition given for deprecia- 
tion is “negative value.”” This does not seem to be quite consistent, because 
zero value would mean that future service is worth nothing at present, and 
negative value would seem to be a condition under which future service would 
be actually detrimental, as, for example, the present worth of the future 
“service” of termites working on a building. It is possible, of course, that an 
acceptable definition of ‘‘negative value’ would make it synonymous with 
“loss of value.” The point is of little importance anyway. 

After the statement that ‘Depreciation is negative value * * *’ appears the 
following (see heading ‘‘Value and Depreciation: Definition of Depreciation’’) : 


| “The depreciation of any physical property unit, at any service age, 
is its loss of value, since its service started, due to decrease in the present 
worth of its probable future earned operation returns, below what such 
present worth would be if the unit were still new.” 


This covers total depreciation over any period from the beginning of service 
but omits a definition of depreciation in general. For instance, the deprecia- 
tion of a property during its second five years of use could not be defined as 
‘Zts loss of value since its service started” or as its loss of present worth, at 


the end of the ten years, compared to what it “would be if the unit were still 


new.” <A possible way to make the definition more general would be to sub- 


stitute the clause “during any period of time” for “since its service started” 
and to substitute “below what its value was at the beginning of the period”’ 
for “below what such present worth would be if the unit were still new.” 
Such a change would tend to complicate the definition, but the original does 
not seem to be exactly a “definition of depreciation.” 

The expression “probable future earned operation returns” is open to vari- 
ous interpretations when applied to a highway, and its interpretation is still 


36 Prof, of Highway Eng. and Highway Transport, Univ. of Michigan, Ann Arbor, Mich. 
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more difficult when applied to a schoolhouse or other public building. Perhaps 
in the latter case the earned operation returns would be the rent that would 
have to be paid for similar accommodations in a privately owned building. 

In the case of highways, there is a tendency to divide the total vehicle 
taxes paid in a year by the total vehicle-miles traveled to determine the average 
tax per vehicle-mile, and then to compute the ‘‘earned operation returns” on 
any given road by multiplying the annual vehicle-miles traveled on the road 
by the average vehicle-mile tax. The writer objects to this because the motor- 
ists, or other taxpayers, finance road improvements in order to get returns in 
the form of reduced vehicle operating costs, or otherwise, and not to produce 
tax money for the states, counties, or other government units of. highway 
administration. Considering the purposes for which the improvements are 
made, it would seem that their ‘‘earnings” are their returns to the motorists, 
or others, who pay for building them. The paper does not include an interpre- 
tation of earned operation returns. 

. The authors ask the question (see ‘““SSummary”), ““Why * * * could not 

every state legislature, school board, and city council provide about a. constant 
sum annually for building replacements and extensions?” One answer is that 
the needs are seldom constant. Population in any given locality may increase 
rapidly during one period and then increase slowly, or even decrease, during 
another period. Also, it is obviously much easier to raise funds for such pur- 
poses during prosperous times than during financial depressions. 

Messrs. Crum and Winfrey have given extensive study to problems of 
highway economics and have done much to guide the economic thinking of 
highway engineers along sound lines. Their paper calls attention to points in 
regard to depreciation that will be of increasing importance if large sums are 
borrowed after the war and spent on highways primarily to furnish employ- 
ment. It is under such circumstances that sound economics is most likely to 
give way to other considerations. 


Waxtace B. Carz,?’ M. Am. Soc. C. E.37—It is significant that the ““Rore- 
word” by Mr. Scharff and the papers by Mr. Walls and Professor Grant stress 
the state of confused thinking with which the question of depreciation continues 
to be surrounded. The Symposium is a decidedly progressive attempt to 
clarify this confusion. 

Depreciation of property is essentially a term related to worth or capital 
represented by the property. This is indicated by its root derivation as well 
as by Professor Grant’s three concepts of its meaning—‘‘Decrease in Value,” 
“Amortized Cost,” and (the third one rephrased) Difference in Value of Two 
Assets Capable of the Same Service. This conception is also the basis of the 
definition written by Dean Marston in the paper by Messrs. Crum and Winfrey 
(see heading ‘‘Acknowledgment”’). In all cases, however, depreciation should 
be determined factually or measured by the physical, functional, or economic 
ability to perform a prescribed or required service. The future anticipated 
period of such service is an important factor in the process of measurement. 


37 Care, Buffalo, Niagara & Eastern Power Corp., Buffalo, N. Y. 
37a Received by the Secretary January 26, 1942. 
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This twofold significance of the term is responsible for much of the existing 
confusion. The factual measurement of depreciation, when expressed in 
terms of worth' or capital, becomes a measure of the actual integrity of such 
capital. Accounting for depreciation, however, is generally treated as an 
amortization process, the rate of amortization being related to one of several 
methods of mathematical calculation and, in most cases, not to the facts of the 
case. Unfortunately, however, whatever process of mathematical calculation 
may be used, it is sometimes assumed that the results express depreciation 
correctly. Even though the period of amortization may be exactly equal to 
the useful life of the property, it does not follow that the factual depreciation 
has been equal, at all times, to that calculated by some mathematical law. 

In discussing the problem of ‘Economy Studies for Proposed Retirements” 
in a competitive (unregulated) industry, Professor Grant states that “The 
only ‘depreciation’ involved is the difference between the net amount realizable 
from the immediate sale of the asset and the net amount realizable from its 
future sale.”’ This statement may be open to question from a certain view- 
point. For instance, assuming a capitalistic economy, the objective or func- 
tion of depreciation accounting with which this argument is really concerned 
could be regarded as the protection of the integrity of the invested capital. 
Another principle objective in this type of economy can be regarded similarly 
as the earning of a proper wage of capital while it is usefully employed. The 
accumulated accomplishment of the first objective would be reflected in the 
depreciation reserve, whereas that of the second objective would be reflected 
in the earned surplus account plus the accumulated payments of interest and 
dividends to the investors. Any deficiency of the reserve (which, according 
to Professor Grant’s argument, should be charged to surplus) could not alter 
the fact that the reason for the charge would be depreciation. The procedure 
to record the facts properly would be to transfer the required amount from 
surplus to depreciation reserve and then to charge the retirement loss to the 
reserve. From this viewpoint, the answer would be simply that the reserve 
and surplus accounts had been stated improperly, rather than that the retire- 
ment loss should not be regarded as depreciation. 

Carrying this viewpoint to a regulated industry, or to an industry subject 
for some period of time to excess profits taxes, the surplus might represent 
nothing more than the residue (after payments to investors), of a minimum, 


or even less than a fair, return. If in such a case the deficiency of the reserve 


for a retirement loss would not be chargeable as a depreciation expense in the 


future (which admittedly would mean a charge against the new asset), or if. 


as a charge against present or future net income it would reduce that below a 
fair level, then one or the other of the fundamental objectives of a capitalistic 
economy would have been abandoned. Although it is true that in group- 
depreciation accounting this problem might not be of serious moment for the 
reason that under-accruals on short-lived items will be offset by over-accruals 
on long-lived items, nevertheless this situation should not obscure the fact 
that the objective of proper depreciation accounting should be the complete 
protection of the integrity of the invested capital. 
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Professor Grant’s discussion of replacement valuation in appraisal matters 
is interesting. Theoretical economic support of this theory can be advanced, 
of course. It simply means that services at any time should be worth not more 
3 than the cost of producing such services by the most economical method. 
_ Practically, it may not be possible to achieve this ideal objective in all cases 
and, therefore, due regard to such a practical situation should be observed in 
the application of the theory in appraisals of existing property. If this theory 
were applied consistently to all enterprises in a-given industry, and the market 
price of the product were based fairly upon the most economical production 
cost, the plants of higher production cost would meet this competition through 
the medium of depreciated plant values. However, it is questionable whether 
such a rigid rule can be invoked in the fixing of market prices or whether it is 
economically wise that it should be done. The question might be presented 
as to how to value, by this theory, a new plant of higher production cost than 
the most economical existing plant, the new plant being required to supply the 
market demand. Surely the new plant must not immediately, or even a year 
after completion, be depreciated to an ‘‘equal cost level” with the old plant. 
Rather, it might be that all the old plants would be appreciated to an ‘“‘equal 
cost level’? with the required new plant. Here again, as in all questions of 
value and depreciation, is a broad field for the application of sound engineering 
and business judgment. The effective leverage exerted by a small variation 
in the assumptions or estimates upon the final answer is well illustrated in 
Professor Grant’s examples and should be a warning that judgment should be 
used generously in reaching a decision. 

No discussion of depreciation can escape dealing with such terms as service 
lives, mortality curves or tables, etc. Mr. Walls discusses this phase of the 
problem very ably and emphasizes the character of the forces that control the 
useful life of physical property—in other words, the forces that cause deprecia- 
tion. He states correctly that depreciation is of two kinds, physical and 
functional. The forces causing physical depreciation are wear and tear, decay, 
and normal action of the elements, all of which are controlled largely by natural 
laws and, therefore, operate quite continuously and with reasonable uniformity. 
Unlike these physical forces, those causing functional depreciation—inade- 
quacy, obsolescence, changes in the art, and changes in demand and require- 
ment of public authority—are essentially economic in character. They have 
no such natural uniform control, but rather they reflect the activities of man- 
kind, such as his accomplishments in the field of invention, cycles and growth of 
business, movements and habits of people, etc. The incidence of their effect 
is erratic, therefore, and cannot be predicted correctly far in advance. It is 
folly to assume that mortality studies of historical data of capital retirements 
can always, or even generally, be used as a guide to future life with any hope 
of reasonable accuracy in the prediction. In the first place, mortality data of 
physi¢al property generally reflect the composite effect of all causes of retire- 
ment, whether they are physical, functional, or a combination of both. Future 
retirements likewise will be made for various causes, some physical and others 
functional. In the past, functional causes have been a predominant element 


460 WATERS ON DEPRECIATION : Discussions 


in by far the largest number of retirements of property in regulated industry. 
The lives indicated by statistical analysis of mortality data as available from 
the past, therefore, are largely “functional” lives reflecting such economic or 
industrial conditions as were at work during the period of the data. To the 
extent that such statistically determined lives reflect the effect of these arti- 
ficial forces of depreciation, the projection of these lives into the future is 
surrounded with a broad assumption of the continuity of largely artificial 
conditions. 

If the causes of depreciation are thus differentiated, it then becomes ap- 
parent that physical property should likewise be classified as to its susceptibility 
to these various causes. This fundamental aspect of the problem has been 
brought out only indirectly in the Symposium. For instance, a large unit of 
property may have physically depreciable parts of such proportion and prob- 
able service life as to be equivalent from the viewpoint of turnover of capital 
to the complete depreciation of the entire unit in some period of time. If 
these physically depreciable parts are replaced continuously, as necessary, 
does physical depreciation proceed in the other parts of the unit in accordance 
with the equivalent over-all life, or are those parts immune to physical de- 
preciation? Do they not await only the incidence of functional depreciation 
as, when, and if, it approaches in accordance with actual knowledge? If such 
a situation is true, progressive depreciation, calculated by some over-all for- 
mula or simply charged against property on a ‘“‘hunch,”’ would not represent 
factual depreciation because it would not be measured by a known impaired 
ability to perform a prescribed or required service. Rather, the calculation 

would represent amoritzation. 

In general, the Symposium is sufficiently replete with warnings that judg- 
ment must be a very generous ingredient in any method of estimating or de- 
termining depreciation. The writer agrees heartily with Mr. Walls’ inference 
that there is no substitute for sound engineering and business judgment. 


W. L. Warers,** M. Am. Soc. C. E.8*—Depreciation is the result of 
(1) wear and tear, and (2) obsolescence. In some cases, such as shoes, wear 
and tear is all-important. In others, such as wonien’s hats, obsolescence is 
everything. Frequently, the average rate of wear and tear can be roughly 
approximated; but obsolescence is usually a pure guess, as it depends on the 
future progress of the art and the development of the property using the 
facilities. Therefore, the average over-all rate of depreciation to be allowed ' 
in any case usually cannot be anything more than an educated guess. 

The Interstate Commerce Commission has had fifty years of experience 
with depreciation rates, so that its opinions can be considered authoritative. 
Its instructions are:% 


8 Cons. Engr. (Bury & Waters), New York, N. Y. 

38¢ Received by the Secretary January 29, 1942. 

39 This quotation is from Section 8 of Speci i i iati 

I pecial Instructions entitled ‘‘Depreciati i 

reed peg hed of eee of 1914 of the I.C.C. “Classification of aerate. Tevaneee alee 
a pe Sapp <a ie 1s,” to which Section reference is made in the various depreciation items in that 
ay ep ee is what pe. Frording rs yup Perr, 24, entitled “Depreciation Accounting,” on 
Athi hep RB i , entitle n the Matter of Modifying the Uniform System of 
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“Depreciation charges shall be based in each instance upon the per- 
centage of the original cost (estimated if not known), ledger value, or 
purchase price of the property determined to be equitable by the carrier’s 
experience and the best sources of information as to the average current 
loss from depreciation.”’ 


This opinion indicates that the annual depreciation rate to be allowed is 
only an educated guess. It would be well for engineers to remember this, 
and not delude themselves with long-winded discussions that may only result 
in more muddle-headed concepts of the subject. 


A. G. Mort,*® M. Am. Soc. C. E.4°"—Professor Grant has contributed a 
remarkably well-stated paper on the subject of depreciation. It represents 
much progress of thought since the Final Report of the Special Committee of 
the Society to Formulate Principles and Methods for the Valuation of Railroad 
Property and Other Public Utilities published in 1917." 

In its broadest. sense (and this is designated by Professor Grant as the 
_ “popular depreciation” concept), depreciation in its relation to value may be 
defined as loss of value from any cause. (Increase of value, or appreciation, 
may be properly included in this definition if recognized as negative deprecia- 
tion.) To apply depreciation properly in the art of engineering appraisal, this 
broad definition requires a classification of causes. The various causes of 
depreciation appear to be fairly well agreed upon in the literature on the subject, 
and for convenience are listed herewith: 


1. Physical causes, including wear, tear, decay, action of the elements, and 
the effect of casualties or accidents that have actually occurred prior to the 
time of appraisal (it will be noted that casualties or accidents that have not 
yet occurred cannot be included as a contributing cause of loss of value. In 
accounting practice, however, it is customary to determine the rate at which 
capital costs shall be spread over the period of use from an experience study of 
the average lives of the property. The effect of casualties is included in this 
experience. Depreciation reserves so accrued are in fact also insurance re- 
serves) ; 

2. Functional causes, including inadequacy, non-adaptability, changes of 
design, and other functional reasons for supersession; 

3. Economic causes including the effect of legislative enactments, popula- 
tion changes, changes in habits, changes in the prices or supply of raw materials 
and labor, and. changes in the market for the output; and 

4. Monetary causes including the effect of changes in price levels, and other 
factors affecting costs of reproducing the property being appraised. 


Since, by definition, depreciation is a loss of value, a proper application of - 
depreciation can be made only after an understanding of the processes of 
arriving at value. If value can be ascertained directly at the beginning and 
at the end of the two periods for which depreciation is being considered, the 


40 Director, Valuation Div., State Board of Equalization, Sacramento, Calif. 
40a Received by the Secretary January 30, 1942. 
41 Transactions, Am. Soc. C. E., Vol. LXXXI (December), 1917, p. 1448. 
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difference between the two values gives, directly, the amount of the deprecia- 
tion; but, for appraisal purposes, it is a sum that has no significance, since the 
result (value) has already been obtained directly for the two periods. The 
usefulness of depreciation so obtained is to serve as a guide in predicting 
economic life or in forecasting future depreciation. Ordinarily; depreciation is 
merely one of the tools by which the appraiser finally arrives at value; and one 
of the misapplications of the use of this tool arises out of some confusion as to 
the nature of value itself. One of the most common errors in using the concept 
of depreciation is the attempt to use it as a device to convert, directly, some 
form of a cost figure to a value figure. This misuse of depreciation is excellently 
illustrated by Professor Grant’s example of the $6,000 home bought in 1932 
and sold in 1940 at the same price. One party to the transaction, translating 
original cost to present value, found no depreciation, whereas the other party, 
translating current reproduction cost to present value, found a. $1,500 de- 
preciation. (For the purposes of making this point, it is assumed that the sales 
price in this illustration is identical with the present value. The accrued 
depreciation found by the accounting process is $1,000, but this sum could not 
be subtracted from either original cost or reproduction cost to obtain value. 
The accounting process was for the purpose of spreading original cost over the 
life of the depreciable asset—a very different purpose from that of finding value 
during the useful life of the asset.) : 

In general, where the property being appraised is of a type that is being 
bought and sold frequently in a free and competitive market, the prices of such 
transactions may be conclusive evidence of value, and no determination of 
depreciation is necessary to arrive at value. The types of property which 
engineers are ordinarily called upon to appraise, however, are more commonly 
properties for which so few actual transactions take place that other tests must 
be applied to determine an appraisal which may be considered a fair substitute 
for market value. , 

The determination of value then depends upon the sound application of the 
appraiser’s judgment to all the evidence of value that he is able to accumulate. 
Among the evidences of value more commonly considered are such factors as: 
Original cost of the property, the cost of reproducing the property new, the 
value indicated by a capitalization of earnings, and (for corporate properties) 
a value indicated by an appraisal of the stocks and bonds of the corporation. 


In a proper use of these or other factors, care must be taken so that any de- 
preciation which properly applies to the particular factor is taken into account. — 


(Depreciation is here used in a restricted sense; for example, cost figures are 
modified to express a comparison between the existing property and a similar 
new property to reflect physical and functional differences from a cost point of 
view; also the depreciation in the earning value is expressed by the difference in 
the present worth of the future estimated earnings for the existing property as 
compared with a new property.) By this means the appraiser can be more 
certain that he has in fact included somewhere in his appraisal all elements of 
depreciation in their proper perspective. 

Of the factors mentioned two are definitely cost factors; namely, the original 
cost and the cost of reproduction. When depreciation is applied to these cost 


ee 
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factors, they remain nothing more or less than depreciated cost factors. (Pro- 
fessor Grant has well stated that those classifications of accounts which have 
defined depreciation in accounting as ‘‘loss in value” have contributed to con- 
fused thinking on the subject.) They have not become by that process a 
statement of value in themselves. The factor of earning value should have an 
allowance for depreciation. The proper earnings to capitalize are those that 
may be reasonably expected to be earned in the future after having allowed for 
all anticipated operating expenses, including the depreciation that will continue 
to accrue over the period for which the earnings are estimated. Obviously, 
the factor based upon the appraisal of the securities, properly arrived at in the 
first instance, would have reflected in it all forms of depreciation. 

Another cause of confusion in the use of depreciation for appraisal purposes 
arises out of two different, but somewhat related, concepts for the term. 
These two concepts are depreciation as affecting value, and depreciation as a 
means of spreading the cost occasioned by the ultimate replacement or retire- 
ment of the property over the period during which the property was used. 

The use of depreciation for value purposes is primarily an engineering and 
economic phenomenon, whereas the spreading of depreciation to current ex- 
pense is partly engineering and partly economic, but largely an accounting 
and managerial function. 

The application of age-life concepts of depreciation for value purposes should 
exclude the lives of those particular units which have already been retired and 
are not included in the property actually being appraised. On the other hand, 
in setting up rates of depreciation to include in operating expense, it is proper 
that the cost incurred because of the retirement of the short-lived items of 
- property also be included. Since much of both the theory and practice of 
depreciation is related to time (age-life, for example), it follows that the time 
value of money (interest) must be a necessary element in its measurement. 
The value concept is based primarily upon an appraisal of the future usefulness 
of the property, whereas the depreciation expense concept is based upon a 
requirement to make good the total consumption of the depreciable assets, 
including those already retired. 

The foregoing differences indicate some of the reasons why a properly 
accumulated reserve for depreciation (referred to by Professor Grant as 
“amortized cost’’) will not represent, accurately, the amount of depreciation 
that should be deducted, even from a cost figure, to reflect a properly de- 
preciated cost figure for consideration as evidence of value. 


Davip A. Kosu,” Jun. Am. Soc. C, E.“@*—Depreciation is an economic 
problem, and only secondarily a technological one; and unless this is realized, 
much confusion may, and usually does, arise. 

Messrs. Crum and Winfrey define depreciation of a unit (see “Value and 
Depreciation: Definition of Depreciation”’) as “its loss in value, since its service 
started, due to decrease in the present worth of its probable future earned 
operation returns, below what such present worth would be if the unit were 


42 Research Asst., Public Utilities Dept., New York Univ., New York, N. Y. 
42a Received by the Secretary February 5, 1942. 
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still new.”’ This definition is very restrictive since it places major, if not sole 
emphasis on the technological aspect of depreciation. It implies that if the 
equipment were new, there would be no depreciation! A vital distinction matt 
be made between ‘‘Maintaining the Plant,” and ‘Maintaining the Investment. 
The former is primarily a technological problem—that of keeping the plant at 
its optimum condition of newness; but providing for depreciation must do far 
more than that. The value of the investment must be maintained, and not 
merely its physical manifestations. ‘Until financial reports take full account 
of all items of annual costs,’’ write Messrs. Crum and Winfrey in the ‘“Sum- 
mary,” “and account for investment in physical properties, they must be re- 
garded as only partial truths.” This is quite true, but “investment in physical 
properties” is not synonymous with ‘physical properties,’’ and these concepts 
may not be used interchangeably. A further difficulty arises when the service 
life of a piece of equipment exceeds the duration of the accounting period. 
Hence, the appraiser must make some allocation to this “annual cost” on 
account of depreciation—the annual provision for depreciation. . The basis for 
such allocation is the crux of the problem. Here Mr. Wall’s suggestion in the 
last paragraph is most important: 


“The problem that lies before engineers seems to be rather definite and 
is certainly pressing: First, a sound basic concept or common understanding 
of the true meaning and scope of depreciation must be developed; second, 
an orderly and basically sound procedure for measuring depreciation must 
be formulated * * *,” 


(The writer however sees no reason why the problem belongs primarily to the 
engineer. ) 

Although the following discussion is centered about depreciation in the 
public utility industries, the principles apply to depreciation in industry in 
general, both privately and publicly owned. The generally accepted scope of 
depreciation (as well as a listing of the major causes thereof) has been stated as 
follows :* 


“Depreciation, as applied to electric plant, means the net loss in service 
value not restored by current maintenance, incurred in connection with the 
consumption or prospective retirement of electric plant in the course of 
service from causes which are known to be in current operation and against 
which the utility is not protected by insurance. Among the causes to be 
given consideration are wear and tear, decay, action of the elements, 
inadequacy, obsolescence, changes in the art, changes in demand and 
requirements of public authorities.”’ 


This is substantially the same ‘as the definition used by the Federal Power 
Commission; and, although it was formally applied to electric utilities, it is 
entirely appropriate in the same sense to all types of plant. In the light of the 
foregoing definition, Messrs. Crum and Winfrey elaborate on only a minor part 
of depreciation, neglecting the vital portion. They state (see “Value and 
Depreciation: Definition of Depreciation”), “Thus, depreciation is just a 
question of values at different dates based on forecasted (probable) numbers of 


* “Uniform System of Accounts for Electric Corporations,” New York Public Service Comm., p. 2. - 
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years of future service and probable values of the yearly services.” The 
“probable values” depend on strictly non-technological factors; hence, the 
writer cannot agree with the contention (under the same heading) that ‘Such 
forecasts can be made correctly only by the sound judgments of impartial 
persons who are qualified to understand the mortality and other technical 
characteristics of different kinds of physical property units, and who personally 
examine the particular units whose depreciations are being determined.”’ 
Messrs. Crum and Winfrey are concerned with technological depreciation only 
—wear, tear, decay, and possibly depreciation due to changes in the arts. It 
must be realized that it is obsolescence, and its usual antecedent, change in 
demand, that is responsible for from 70% to 75% of all electric utility deprecia- 
tion. It was not technological depreciation that so worried the railroad 
industry but a short time ago; it was not the lack of newness of its equipment. 
It was rather the ‘economic depreciation”? engendered by the business cycle, 
and the reduction in demand resulting from motor truck and pipe-line compe- 
tition. A change in demand will leave a brand new trolley quite depreciated. 
Inflation might reduce, by a considerable extent, the previously calculated 
depreciation on an old hydro-plant. 

So much for the annual provision for depreciation necessary to show the 
real annual costs. What of total accrued depreciation? Messrs. Crum and 
Winfrey state quite correctly (see ‘‘Distinction Between Depreciation and 
Maintenance’’) that “Depreciation losses of value * * * are something which 
cannot be made good in a physical way until new units are substituted for the 
depreciated units at the ends of their service lives.” How do they propose to 
make good “losses of value” that cannot be made good in a “physical way’’? 
They propose ‘‘* * * to create a depreciation reserve, which should be at all 
times just equal to the total accrued actual depreciations of all existing property 
units. In this way the correct annual cost is known and the depreciation reserve 
account shows the true loss in value of existing property, from which, of course, 
the present true value of existing property is determined.” There are major 
objections to this proposal: 4 


(1) The authors consider only physical property units, and further assume, 
quite correctly, that the sum of the depreciation of individual units is the “‘total 
accrued actual depreciation” in the plant. A new fleet of trolley cars with no 
market should, on the foregoing basis, have no depreciation reserve, should 
show no “loss in value,” and should have a true value of presumably the cost of 
the new cars. } 

(2) If the words “total accrued actual depreciation” are not intended to 
restrict the reserve to physical depreciation, then it is submitted that a de- 
preciation reserve adequate to maintain the investment can never, except by 
accident, measure the “true loss in value.” It cannot be denied that physical 
depreciation is the more certain, and more easily predicted and measured, and 
that depreciation resulting from obsolescence and loss in demand cannot even 
be predicted with any kind of statistical certainty. Such depreciation may not 
even be classified appropriately as a risk, but rather as an uncertainty. 
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Safety factors are nothing new to the engineer. Hence, such a depreciation 
reserve must carry in it an item very like insurance, dependent not on pre- 
calculated risk probabilities, as is insurance, but on true uncertainties. Thus 
such a reserve would exceed the accrued depreciation by this ‘‘insurance’’ 
amount. This item would be in the nature of a prepayment by the customers 
for economic depreciation not yet matured, but as sure to mature as physical 
depreciation. Such a reserve certainly could not be construed as a proper 
deduction from any figure to yield present value. This prepayment, by con- 
sumers of the service, may in no case be considered as a disinvestment of the 
plant owners. However, the consumer would be entitled to a return on this 
prepayment, until the contingency which it anticipates actually matures. Thus 
a reserve, as proposed by Messrs. Crum and Winfrey, is inadequate to maintain 
the investment, whereas a reserve adequate to accomplish that purpose is not a 
suitable deduction for present value determination. This is the reason for the 
insistence that a clear distinction must be made between maintaining plant and 
maintaining investment. 

Although some of the foregoing details are predicated on the assumption 
that the users of the service should pay its entire cost, the major portions of the 
thesis would apply equally well to such services as highways or public water 
systems. In the latter instances, the community as a whole is the consumer 
and hence must bear the cost. An unused road is just as depreciated as an 
unused manufactured gas plant. The depreciation has occurred and has been 
paid for in advance; and an accomplished fact must be recognized. 

Professor Grant is correct in holding that, “If the ‘decrease in value’ shown 
by an appraisal based on the cost of reproducing the service with the most 
economical modern plant should be much greater than the accounting depreci- 
ation, one might reasonably infer that the accounting depreciation was inade- 
quate’ (see “A Suggestion Regarding Depreciation Accounting”). Since he 
considers the service, and not the original physical plant, the economic, as well 
as the technological causes of depreciation, have been included. Hence, Pro- 
fessor Grant’s method constitutes a good check on how much depreciation has 
occurred; it is a good historical milepost. However, it is an inadequate solution 
for the real problem—how much depreciation is occurring, and (which is of 
even greater importance) how much will occur in the future. It is usually 
economically impracticable to collect past uncollected depreciation costs. 
When such an attempt is made in an active market, the development of the 


market is stifled. When depreciation, resulting from a reduced demand, is felt, | 


it is then impossible to add extra depreciation charges without further dimin- 
ishing a collapsing market. As a rule, a large portion of the depreciation 
reserve must be in the nature of a prepayment if the reserve is to serve its 
purpose. The sad effects of inadequate depreciation reserves, caused by a 
misunderstanding of the réle of economic factors in depreciation, are clearly 
seen in the street railway industry, the interurban lines, and the domestic 
market of the manufactured gas industry—to mention but a few. 

If it is argued that change in demand and obsolescence do not belong in the 
list of causes of depreciation, that the Federal Power Commission and the New 
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_ York Public Service Commission, among others, are in error in so listing them, 
that change in demand is a risk to be taken by the investor and hence not to be 
insured by the consumer, that the inclusion of that type of depreciation results 
in “unsocial pricing’—then one is on the threshold of a very wide field of 
discussion. May it merely be stated that the consumer ultimately must pay 
for full ‘‘depreciation”’ in any case—either in operating expenses above the line, 
or in an increased return to the investor below the line. Again the field is only 
collateral to the issue of depreciation, and will not be developed further. 
However, regulatory commissions do list loss in demand and obsolescence as 
causes of depreciation and, working, as they are, within the institutional 
framework of a defined economy, engineers and appraisers must also do so. A 
discussion of possible changes in this framework is clearly beyond the scope of 
this discussion. 

To recapitulate, the major causes of depreciation, as now conceived, are 
economic; hence they cannot be detected by tools (accurate as they may be) 
designed to observe physical depreciation only. The annual cost of depreci- 
ation, and the reserve accumulated therefrom, must reflect these major eco- 
nomic causes. Since a sizable portion of such a reserve would represent a 
prepayment in anticipation of economic depreciation, the deduction of this 
reserve for purposes of rate-base determination is incorrect. Present value 
reflects past and matured depreciation; a future reserve must, of necessity, 
consider future, and as yet unmatured, depreciation. 


BE. G. Warxer,“ M. Am. Soc. C. E.“*—Consideration of depreciation and 
of amortization and obsolescence which, although they involve separate ideas, 
are related intimately to it, enter—or, perhaps it is more accurate to write, 
should enter—into a very wide range of activities. Possibly because of this 
condition, much confusion of thought has arisen. It is well, therefore, before 
attempting detailed studies of standard methods of practical application, to 
concentrate attention upon an endeavor to formulate the fundamental condi- 
tions from which the practice of making financial provision for conservation of 
capital sunk in wasting assets originates. 

It is implied in the Symposium that attention is directed exclusively to 
such assets as are met with in engineering practice and constructional and 
manufacturing industries. The three papers of the Symposium give a good 
idea of how wide even this restricted range is. They are well selected to show 
that, as Mr. Walls states, “depreciation cannot be made to suit a definition, 
but rather the definition must truly express the actualities of depreciation”’ 
(see “Synopsis’’). These actualities may differ widely in their incidence. 

A primary difficulty is the laxity with which the terms depreciation, amor- 
tization, and obsolescence are used among men of affairs, and the confusion 
that exists between these terms and maintenance. Only quite recently the 
writer, in connection with certain problems of assessment of values of an in- 
dustrial plant, was met with the objection that certain provisions for depre- 
ciation were unnecessary because the practice of the directors of the plant in 


4 Prin., Maxted and Knott, Putney, London, 8.W. 15, England. 
4a Received by the Secretary February 10, 1942. . 
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question had always been to spend considerable sums on maintaining it in the 
best possible condition. This is the confusion referred to in Professor Grant’s 
paper between “as good as new” and “as valuable as ever.” The difference 
between the two is obvious to most people, although it does not appear always 
to be clear to the so-called “businessmen” whose influences figure largely in 
the direction of many engineering and manufacturing concerns. It may be 
well to emphasize this difference to an even greater extent than it is in the 
papers under discussion. 

Experience also shows that similar confusion exists as to the meanings of 
the terms amortization and obsolescence, although there should be no diffi- 
culty in appreciating clearly the differences between them and the term de- 
preciation. For the benefit of those who confuse these terms it is suggested 
that a somewhat greater reference to them would be appropriate in any re- 
port of the Committee on Depreciation than has been made in the Symposium. 

The authors give, in some detail, their opinions as to what constitutes de- 
preciation. They differ from one another slightly but are united in making 
provision for flexibility in treatment. Thus, Professor Grant distinguishes 
three kinds of depreciation and applies them according to the financial point 
of view of the party concerned with the assessment. He uses the terms “‘popu- 
lar depreciation,” “accounting depreciation,’’ and ‘‘appraisal depreciation,” 
and explains clearly in his paper the differences between them. Are they all 

rightly defined as depreciation, however? The home builder in Example 1 
sold his home, after eight years, at the price he paid for it. He lost no money 
on the deal; but, even if he had maintained the property well, its life had been 
reduced, by eight years and there had been a depreciation. The accountant 
and the appraiser take note of these facts, but the layman does not, so that, in 
the end, the author offers three sums—nothing, $1,000, and $1,500, respectively 
—on an asset originally valued at $6,000. An aim of the discussion is to 
determine the possibilities of measuring depreciation by engineering and sci- 
entific processes. In this simple example there are three sums differing widely in 
their relation to the original price. They are all referred to as depreciations, and 
the methods of assessing them are all based on the logical reasonings set forth 
in the paper. The question arises, if this line of argument is accepted, whether 
the appraiser is following engineering and scientific processes or is being led 
away from them along a course of opportunism—of adapting the argument to 


the circumstances—which is in essence nonscientific and unsuited to bring about — 


the conditions set as the objective. 

The nature of depreciation prevents the possibility of reaching a state in 
which it can be calculated with the exactness with which interests and dis- 
counts are computed. However, it may be possible to obtain for general 
adoption some more clear-cut procedure to enable any particular case to be 
examined and a fair judgment expressed as to the correctness and adequacy 
of the depreciation provision. Dean Marston’s statements under the heading 
“Value and Depreciation” in Messrs. Crum and Winfrey’s paper are progres- 
sive steps to this end, and establish fundamental principles. It is generally 
accepted that the fair price of any article or service is that paid in an unre- 


oe 
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stricted transaction in the open market by a willing buyer to a willing seller. 
In such a deal the buyer naturally can have regard only for what profitable 
use he can make of his purchase, or, in the terms of the paper, the ‘“‘present 
worth of probable future service.” The difference between the present worths 
at the beginning and end of any period must be the true appreciation or de- 
preciation of the asset over the period. This fundamental principle provides 
a true measure that can be applied to any case at any time to ascertain whether 
adequate financial provision has been made to meet the changes arising from 
the conditions—some very direct, some quite remote—to which the asset has 
been subjected. 

The application of the principle is not simple because it may involve much 
that is not susceptible of straightforward calculation. It implies in most 
_ instances exercise of skilled judgment and the enunciation of considered 
opinion, and thereby introduces possibilities of considerable divergence. One 
has only to think of the numbers of technical cases that are argued daily before 
the courts of law to realize the extreme divergence of opinions put forward by 
men of equal experience and judgment on matters that they approach from 
opposed viewpoints. If engineers are to arrive at a generally acceptable basis 
for estimating depreciation, they must rid themselves of this condition. Some 
sacrifice of ideals may be necessary to achieve practical results. 

If true application of the principle were possible, determination of de- 
preciation would be largely a matter of periodical revaluation, and the varia- 
tion of the periodical appropriations would be very different in different cases. 
Applied to the finances of certain classes of heavy civil engineering works, such 
as those which Messrs. Crum and Winfrey claim, rightly, should be—but by 
no means always are—subjected to adjustment from this point of view, there 
would be many cases in which little variation would be found from year to 
year. In others, such, for example, as plant installed in new and rapidly 
developing industries, there would be large and irregular variations, and the 
influence of possible obsolescence would be much greater. (This factor is not 
absent even from cases of the most uniform depreciation.) A man well 
versed in the technicalities of an industry is well equipped for assessing the 
probable future life of an item of plant in that industry, and is better able to 
estimate the chances of drastic changes in processes, markets, etc.; but even 
he cannot tell whether or not some new invention or idea may be developed at 
any moment that will alter completely the capabilities of his plant for effective 
manufacture and competition. This obsolescence is a vital and incalculable 
factor in depreciation. Calculations based on data as to realized or estimated 
lives must be adjusted to allow for these incalculable possibilities if effective 
financial provision is to be made. When obsolescence is an important factor, 
preliminary estimates and economy studies may be stultified and an ample 
basis afforded for writing off values quickly, irrespective of actual real de- 
preciation. 

The accountant’s approach to the problem is not concerned with physical 
factors. He must see that adequate provision is made so that money may be 
available for replacements or reconstruction when it is needed. He’ must 
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maintain a fund that is adequate for meeting any demands likely to be made 
on it. As long as there are resources out of which to meet demands arising 
from depreciation, he has done all that is required of him. If he is an auditor, 
he must see that depreciation provisions are reasonable. From this outlook 
has developed the idea of Professor Grant’s ‘“‘accounting depreciation.” It 
might be described not as a depreciation but as a provision for depreciation. 
It is derived usually by an arithmetical process based on original cost and de- 
ductions therefrom at fixed or varying rates. On a single item, such as the 
simple one used in Professor Grant’s Example 1, it may result in a wide dif- 
ference between the actual depreciation (the “appraisal depreciation”) and the 
provision for depreciation (the “accounting depreciation”), but over the large 
number of items that combine to form a complete engineering entity there is a 
much greater possibility of averaging. Book figures for depreciation provi- 
sions should be considered in this manner. Individually they may not give an 
accurate view of the actual value of the item, but in the aggregate, if the fi- 
nances are controlled properly, the discrepancy between the depreciation and 
the provision made in the books to meet it should be far less, proportionately. 
Obviously, for sound finance the provision must exceed the depreciation. 

The writer believes there is much in favor of a standardization of the term 
“depreciation” to mean one thing and one thing only. The idea of deprecia- 
tion should be based on the physical conceptions that determine the future 
. possibilities of the working life of the asset. The reduction in the present 
worth of these physical conceptions over a period is the depreciation over that 
period, whether resulting from the normal shortening of the working life or 
from extraneous causes. How the depreciation is to be met is a separate 
problem. As, in general, periods of numbers of years are involved, in ordinary 
cases there is no urgent necessity to keep strict mathematical equality be-‘ 
tween depreciation and the provision made to meet it, although obviously the 
difference between them must be kept within proper limits. The former may 
be irregular in its increments and the latter (usually) regular. It is essential, 
however, that during the greater part of the time the provision be ahead of the 
depreciation if a sound financial position is to be maintained. 

In Professor Grant’s examples he introduces a point that has not been elab- 
orated in the Symposium—namely, the increase of value of an asset over a 
period in spite of its physical deterioration. The circumstance, although un- _ 
usual, arises sometimes in connection with items of engineering plant. It is © 
likely to do so increasingly with the rising demands for such items, which are © 
a feature of the present time as the result of war conditions. Whena machine, 
purchased some years ago at a lower price, must be replaced at a price that 
may be several time that paid originally, it scarcely can be expected that the 
provision for depreciation made over a number of years, when there was little 
or no indication of this increase, will be adequate to meet more than a fraction 
of the new cost. The corresponding problem of insurance can be dealt with 
by an increase of coverage, but in extreme conditions the greatest practicable 
Increase in the rate of provision may be far from sufficient to write up the fund 


to the new price. It would be of interest to have the authors’ views on this 
problem. 
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4 K. LEE Hyprr,* M. Am. Soc. C. E.“*—Writers on the subject of 

depreciation” almost invariably preface their remarks with comments as to 
the state of confusion that appears to exist in the minds of those called upon 
to deal with the matter, either practically or academically. The several con- 
 tributors to this Symposium support this observation in the presentation of 
their papers. They proceed, however, to make notable contributions which, 
in turn, should be of inestimable value in clarifying the basic thinking. By 
inference, at least, if not specifically or intentionally, almost the entire scope 
of controversial material has been brought forward in one or more of these 
papers. 

Nevertheless, after a thorough review of these papers, the writer feels that 
there still remains a tendency upon the part of each to merge discussions of 
“concepts’’ with those of ‘‘procedures.”’ The emphasis throughout seems to 
be directed primarily to the methods and to the variations in such methods for 
differing purposes. Perhaps a rearrangement of the material would go a long 
way toward clearing up the confusion. Professor Grant alone has introduced 
his treatment of the subject by a section entitled ‘“Three Fundamental Depreci- 
ation Concepts,” in which he clearly differentiates the three fundamental or 
foundational approaches, and makes reference to Professor Bonbright’s great 
work, ‘Valuation of Property,’’4 in presenting these fundamentals as ‘‘con- 
cepts.”’ In the writer’s opinion, if these are to be so accepted (and he makes 
no point to the contrary), then they should in turn be predicated upon a still 
deeper foundational premise—that is, the character of the property subject to 
depreciation. 

There is no fundamental difference in the causes that bring about the 
depreciation of assets, whether such assets are used in regulated industry, com- 
petitive industry, or in public works. Certainly there is no difference in the 
life expectancy of a boiler or generator, as such, simply because it may be a 
part of an electric-light system under regulation, a private manufacturing enter- 
prise, or a municipally owned plant. It may be concluded, therefore, that the 
basic segregation in the Symposium is made in order to recognize the differing 
treatments to be accorded in the case of (1) a business monopoly, (2) a competi- 
tive operation, or (3) a politically controlled budget. 

If the appraiser is really to get down to fundamentals, the property itself 
should first be subjected to clarification. To illustrate: Assume the extremes 
as reflected in five types of depreciable assets (or ‘‘properties’’), each of which— 
under the realistic approach—obviously must be accorded a different treatment, 
as follows: (a) A leased fee in a parcel of improved real estate; (b) a complex 
industrial “‘plant’’; (c) an automobile; (d) an oil well; and (e) a motion picture. 

Any one of the foregoing constitutes a “property” and a ‘‘depreciable asset” ; 
that is, it will at some future date be expected to reach the end of its useful life. 
Now, the character of each of the foregoing properties (or assets) is different. 
The “leased fee” (type a), for instance, has a known or agreed upon future life. 

46 Vice-Pres., The Am. Appraisal Co., Chicago, Ill. 


450 Received by the Secretary February 19, 1942. , 
4“Valuation of Property,” by J. C. Bonbright, McGraw-Hill Book Co., Inc., 1937. See particularly 


Chapter X. 
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The “property”’ itself is in reality a right to receive a stated sum of money for 
a definite number of years. In this property, depreciation actually accrues at 
a rate that may be charted in the form of a parabola. Very little will accrue 
the first year, and the sum will continue to increase each year thereafter to 
the end of the period. The accruals may be determined by simply taking the 
difference in the “‘present value’ (or ‘(present worth’’) of the annual income as 
of any date and the original ‘‘present value,” using ordinary interest or dis- 
eount tables for such computations. 

In the “industrial plant’? (type 6) the appraiser is dealing with a complex 
assembly of items comprising the depreciable plant, each of which is subject 
to an individual life expectancy from both physical and functional factors. 
However, the enterprise as a whole is further subject to all of the risks and 
hazards of competition, economic and social changes, etc., and hence such 
factors may enter into the depreciation problem. The wide variation in the 
life expectancy of the component parts, for reasons which need not be discussed 
here, leads to the usual adoption of the “straight-line” basis as more realistically 
applicable. 

The economic life of ‘‘an automobile” (type c), by both nature and custom, 
is heavily influenced by the factors of obsolescence. This influence starts 
quickly, and it is generally realized that the moment the new car is driven out 
of the salesroom it must be considered to have taken on a substantial ‘‘deprecia- 
tion.” Therefore, the ‘‘curve’’ of type a is reversed in character, and again— 
realistically—the “heavier”? sums accrue during the earlier years. 

The economic life of “an oil well’? (type d) and its “‘curve’”’ of realistic. — 
depreciation are similar to that of the automobile, although perhaps for more 
basic reasons. The gas pressure when a well is first opened serves to bring out 
the highest production of petroleum during the first year; and, as the gas 
pressure (and volume of oil) declines, the flow is less, and ‘‘depreciation”’ 
(depletion) is reduced accordingly. (The analogy here, of course, is that, as 
the deposit is depleted, the investment is proportionately depreciated.) The ~ 
curve can be rather closely defined by the experience of other wells, and the 
engineer may make his estimates accordingly. Finally, the “motion picture” 
(type-e) is also a “property” and an asset subject to depreciation. Keeping to 
actuality, the value (or cost, if the purposes so dictate) is found by experience 
to depreciate at perhaps 85% the first year, 10% the second year, and 5% the _ 
third year. Whatever is left after three years may be viewed in the same 
manner as “salvage’’ in other types of property after the end of the useful life. 

With this initial distinction in the character of property defined, it would 
appear that the points raised and discussed in the papers could be developed 
with greater clarity. To a large extent (except for certain illustrations), the 
entire scope of the material presented by Mr. Walls, Professor Grant, and 
Mr. Crum and Professor Winfrey may be considered to be directed toward the 
classes of assets similar to type 6—namely, the complex industrial plant. 

Under such assumption, it must then be concluded that the discussion to 
follow should be so limited. If this is true, it would support the opinion that 
the material is to be considered primarily as directed toward the questions of 
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procedure under the hypotheses of (A) controlled industry, (B) competitive 
industry, and (C) public works. 

Carried a step further, all of the authors, in one manner or another, present 
the causes of depreciation which the writer, for discussion purposes, elects to 
summarize as physical deterioration, functional obsolescence, and economic . 
obsolescence. There appears to be no clear-cut distinction made between 
“functional obsolescence” and ‘‘economic obsolescence’? and—again—if such 
were recognized it might well tend toward clarification. Realistically, the 
factors embraced in such causes differ in character and hence are subject to 
segregation. Practically, it may be difficult to draw a definite line of demarca- 
tion. A theory may be set up, however, and the appraiser may proceed 
logically from that point to establish the proof. In the regulated industry, 
all plant items are subject to “physical deterioration” in exactly the same 
manner as in the competitive industry or the municipally owned plant. 

In like manner (although perhaps not to the same degree) this may be 
said of “functional obsolescence.’ (A power plant. becomes outmoded, irre- 
spective of the type of operating control.) However, the obsolescence of a 
plant occasioned by changing economic conditions is usually present to a 
much less degree in regulated than in competitive industry. The possession 
of a franchise, granting monopolistic rights to perform given services in a 
community, places the control of retirements much more strongly in the hands 
of the public utility operator than in the case of the competitive enterprise. 
Of course, the artificial gas company faces the threat of the encroachment of 
natural gas, but nevertheless the hazard is greatly circumscribed. 

Furthermore, the municipal plant is rarely faced with economic obsolescence 
to any great degree, except as public opinion may bring pressure to bear upon 
the political unit in demanding major changes in entire systems. Mr. Crum 
and Professor Winfrey’s excellent paper admits the inadequate recognition of 
depreciation in the case of public works—even as they so ably set forth the need 
for a system and an accounting practice no less complete than that essential to 
other types of ownership. ae 

Analyzing the papers from a slightly different standpoint, one may clarify 
the subject by bringing the various procedures suggested under what is termed 
the “‘two-property concept,” by which is meant the classification of the complex 


property as: 


(1) Tangible assets (the physical facilities or ‘‘tools’’ devoted to the con- 
ducting of the enterprise); and 
(2) Intangible assets (the business itself). 


Now, the problem may be narrowed for any particular discussion. The nature 
of the business (property (2))‘and its operation under or outside of public 
regulation, as the case may be, would be reflected in the intangible assets, but 
in reality would present factors that might well limit the use and life expectancy 
(and hence the amount of, and provision for, depreciation) of the tangible 
assets. Itis this influence that might be embraced, under the theory suggested, 
in the category of “‘economic obsolescence.” 
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If the foregoing discussion is a correct interpretation of the papers, then 
the entire problem presented in the Symposium might be summed up as 
follows: 

“What are the proper procedures in estimating accrued depreciation 
and providing for future depreciation for the depreciable tangible assets 


of complex industrial enterprises which are (1) under public pao 
(2) of competitive character, and (3) public owned?” 


With a thoroughly developed exposition of the underlying concepts of 
“property” and ‘“‘depreciation”’ as a foundational section, then the treatment 
of the principles and methods—whether for value estimates, rate making, or 
accounting, and each under various types of control—might be more effectively 
presented. 
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DEVELOPMENT OF TRANSPORTATION IN 
THE UNITED STATES 


Discussion 
By JOSEPH B. EASTMAN, Esq: 


Josnpu B. Eastman, Esq.4*—Some of the problems treated by Mr. Teal 
are not quite as simple as they seem. For example, when it comes to deter- 
mining the relative costs of the different forms of transportation, an over-all 
picture is afforded by comparing the rates that the public pays and adding 
something for what one may think is the public aid received; but, after all, the 
important point is to determine in what particular places each form of trans- 
portation can serve best—what particular kinds of hauling they can do better 
than some other kind of carrier. Now that involves quite a detailed study. 
There are not many short-cut methods that will yield that answer. It requires 
a long and very careful study, and the great difficulty is that the picture is 
changing all the time. It is not static, and that is one of the great difficulties 
that the President’s new Board of Investigation and Research will encounter. 
That part of the Transportation Act of 1940 was really taken from a bill drawn 
by the writer in 1938 for the creation of a national transportation authority 
(Federal Transportation Authority), and at that time he had in mind a perma- 
nent agency that would be studying these questions all of the time—not 
necessarily making big reports on them, but applying pressure here and there, 
exerting influence, and offering advice where it is thought it would do the 
most good. 

As a purely temporary organization, directed to make a comprehensive 
study of this question of relative costs, the President’s Board will encounter 
some difficulties before it completes its work. Public aid to transportation is a 
problem that could be discussed all day and all night. The writer has produced 
four volumes on that subject. Railroad administrators probably do not dis- 
agree with the writer so much when it comes to the water carriers. Probably 
they do not disagree with him greatly about the air carriers or the railroads. 


Norg.—-This paper by J. E. Teal, M. Am. Soc. C. E., was published in December, 1941, Proceedings. 
Discussion on this paper has appeared in Proceedings, as follows: February, 1942, by Messrs. Fred Lavis, 
and William J. Wilgus. . 

4 Director, Office of Defense Transportation, Washington, D. C. 

4a Received by the Secretary January 19, 1942. 
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They do disagree most emphatically with respect to the highway carriers, and 
there are many questions which are not only questions of fact but questions 
of public policy. 

The question of whether it is possible to reduce the number of trackage 
miles, for example, between Chicago, Ill., and Cincinnati, Ohio, is a very large 
_ one. There is no doubt whatever that if the railroad systems were operated as 
a unit and the traffic were directed over the best routes between the important 
points, considerable money could be saved. There are some objections to that 
possibility also. The four lines of railroad between Cincinnati and Chicago do 
not follow precisely the same routes. There are many places on each of those 
lines that are not served by the others, and people at those points, of course, 
would not appreciate it if their service were abandoned. 

An elaborate study of this problem was made under the so-called ‘Prince 
plan,”’ which would combine the railroads into seven systems—two in the East, 
two in the South, and three in the West—and change the routing of traffic, 
concentrating it in various ways to obtain large savings. A group of railroad 
engineers and traffic men investigated that plan for the writer when he was 
federal coordinator. Whereas authors of the plan put the savings at about 
$700,000,000, that committee reduced it to something like $250,000,000. — 
There is no doubt whatever that, in connection with any such plan, a large 
volume of objection would arise from the public in various respects. 

_ For example, such a plan would leave Baltimore, Md., served by one railroad 
system; New York, on the other hand, would be served by two; and Chicago 
would be served by at least four, and maybe five or six. That kind of an 
arrangement would cause considerable objection. People at points located on 
what would become secondary railway lines under such a’plan as that would 
complain because they were removed from the main arteries of commerce. 
It is not a problem that can be dealt with simply without considering all the 
various angles. The writer feels that there are important savings that could 
be made through consolidation of the railroads, combined with coordination 
(that is, cooperative effort in places where their interests are in common, such 
as at terminals), and at the same time preserve and probably improve the 


service to the public; but as he found when he was federal coordinator, this is a 
very debatable subject. 
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LATERAL STABILITY OF UNSYMMETRICAL 
I-BEAMS AND TRUSSES IN BENDING 


Discussion 


. 


By H. N. HILL, Assoc: M: AM—Soc. C..E. 


H. N. Hit," Assoc. M. Am. Soc. C. E.*—In 1937 the writer had occasion 
to solve the problem of the lateral buckling of an unsymmetrical I-beam sub- 
jected to pure bending, and derived an expression which differs somewhat from 
that determined by the author. The writer’s solution can be expressed in the 
notation of the paper, if an additional term is introduced—“e,”’ which is defined 
as the distance from the shear (or flexural) center to the centroid of the section. 
The centroid will lie between the shear center and the narrow flange. The 
term ‘“e’’ will have a positive sign if the wide flange is in compression, and a 
negative sign if the narrow flange is in compression. 

. _ Using the disposition of axés as shown in Fig. 2 of the paper, the differential 
equations of equilibrium for lateral bending and twisting can be written: 


aE 
E pains 3 M ¢ (see Eq. 8), and 
_ dp Bo d 
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In Eq. 63 the expression for the twisting moment is only approximately correct. 
It is applicable for unsymmetrical I-sections of the kind dealt with in this paper, 
and in which the two flange areas do not differ greatly. The unsymmetrical 
I-beams commonly encountered in structural fields are of this nature. A more 
exact expression for the twisting moment may be obtained by summing up the 
twisting moments produced by the longitudinal stress on each unit differential 
area of the cross section. The expression may be derived as follows, considering 
the z-axis as coinciding with the center line of the web, with the origin at the 
shear center, and assuming that the flanges are narrow compared to the depth 


Notz.—This paper by George Winter, Esq., was published in December, 1941, Proceedings. Discus- 
sion on this paper has appeared in Proceedings, as follows: February, 1942, by Robert K. Schrader, Jun. 
Am, Soe. C. E. 

u Research Structural Engr., Aluminum Co. of America, New Kensington, Pa. 


ila Received by the Secretary February 138, 1942. 
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of the beam: 
Mr= | 76 aaa (¥ ar Pome Mia xe (64) 


in which Ty = moment of inertia about the principal axis normal to the web. 
Expanding: 


M dy 9 ; iat = { sa4)|.. 5 
My = | is ~ef 244) 7 ene e £G dA (65) 


in which 
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In Eq. 66c, Zy is the third’moment of the area about the principal axis normal 
to the web. Therefore, 


r= ul —(20+%)o| 1 aa (67) 


For an I-beam in which the two flange areas are not greatly different, it is 
evident that the centroid will not vary greatly from a point at half the depth, 
Zy 
Jz : 
metrical I-beam may be the same and yet their lateral stiffnesses may differ 
greatly. 


and the term will be very small. The areas of the two flanges of an unsym- 


Differentiating Eq. 63 and substituting for a its value from Eq. 8 results — 
in the differential equation 
d‘d GK+2Me do M? 
dt Ea +e) de PIG A thay? ~ 9 (68) 
The solution of this fourth-order linear differential equation, with constants 
determined from the boundary conditions (¢ = 0, ae = 0 when x = 0 and’ 
xz = L), results in the trigonometric equation 
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The smallest non-trivial root of Eq. 69, solved for the bending moment M, 
gives, for the critical bending moment, 


_wEI( [PGK hi 
Mier = 5 (jaeee pete +e) oe (70) 
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- Expressed in the form of Eq. 14a, Eq. 70 would read 


rd 


2e 4 ¢ L? i 
Mo = Bhyg (138+ [ann + PoE +4015) Pet (71) 


For the case of a symmetrical I-beam (J; = Iz = Ip, ande = 0), Eq. 71 reduces 
to Eq. 14b. 

The difference between Eqs. 71 and 14a is largely in the inclusion of the 
term e in the former. In the author’s solution, no account is taken of the 
location of the centroid of the cross section. The reason for this discrepancy 
between the two solutions apparently lies in the method used by the author for 
evaluating the work of the external forces (Eqs. 10, 11, and 13). Eq. 10 is 
correct only if the end sections, which rotate through an angle 6, remain plane. 
Under the combined lateral bending and twisting, the end sections do not remain 
plane. That this isso can be seen from Eq. 11. The change in chord length of 
a longitudinal fiber varies as the square of the lateral deflection of that fiber at 
the middle of the span. Since this deflection varies linearly with the depth of 
the beam, the change in chord length cannot vary linearly with the depth. 

To determine the work of the external moment, it is probably necessary to 
sum up the work done by the forces acting on each unit differential area of the 
eross section. This would involve the stress distribution on the section and 
consequently the location of the centroid. 
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PIPE-LINE FLOW OF SOLIDS IN SUSPENSION 
; A SYMPOSIUM 


Discussion 
By H. E. BABBITT, M. Am. Soc. C. E., AND D. H. CALDWELL, Esq. 


H. E. Bassirt,” M. Am. Soc. C. E., anp D. H. CaupWwELt," Esq.¥¢— 
The contribution of Professor Wilson to the knowledge of the flow of solids in 
suspension is of value in providing information applicable to the turbulent 
flow of settleable solids suspended in water flowing in a circular pipe. The 
analysis is applicable to the condition of turbulent flow in which the relation 
between the settling velocity (V,) of the suspended particles and the trans- 


: H 
porting velocity (V) of flow is appreciable in terms of the head loss (F) . 


Professor Wilson clearly states that his analysis is limited to the consideration 
of the transportation of noncolloidal, inert solids for which the average velocity 
of settling relative to the transporting liquid is known. It is apparent that the 
analysis is limited to mixtures in which the concentration of suspended solids 
is insufficient to allow mutual contact between the particles in such a manner 
that stress may be transmitted through the mixture. It is to be noted that 
the analysis does not supply information concerning the velocity required to 
maintain the particles in suspension; nor, from the information given, would it 
‘be possible to determine the head losses due to friction for the flow of any given 
mixture of solids and water. 

Information given by the writers!” in 1939 and 1940 supplements that given 
by Professor Wilson. Laminar flow and turbulent flow of sludges in circular 
pipes were discussed, and a method was given for computing head losses due 
to the flow, in a circular pipe, of mixtures of solids and dispersion fluids through 
which stress may be transmitted. The writers’ analysis covers the transporta- 
re ee 


Norz.—This Symposium was published in October, 1941, Proceedings. Discussion on this Symposium 
has appeared in Proceedings, as follows: October, 1941, by Arthur L. Collins, Assoc. M. Am. Soc. C. E.; 
and December, 1941, by H. A. Einstein, Assoc. M. Am. Soc. C. E. 


10 Prof., San. Eng., Univ. of Illinois, Urbana, Ill. 

4 Instructor, Civ. Eng., Univ. of Illinois, Urbana, IU. 

Na Received by the Secretary January 14, 1942. 

2 “Laminar Flow of Sludges in Pipes, with Special Reference to S e Sludge,” by H. E. Babbit' 
and D. H. Caldwell, Bulletin No. 319, Eng. Experiment Station, ates nioee 4 Te 


apd Illinois, Urbana, 1939; als 
“Turbulent Flow of Sludges in Pipes,”’ by the same authors, Bulletin No. 323, ibid., 1940. a nee 
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tion of solids through circular conduits under conditions in which the settling 
velocity, V;, of the suspended particles is negligible with respect to the trans- 
porting velocity. 

If there is sufficient concentration of suspended particles to permit the 
- transfer of stress, the mixture is said to have a yield value. This is defined as 
the shearing stress (7,) of the mixture, at which flowisimpending. High con- 
centrations of suspended particles commonly have a yield value. The existence 
of a yield value causes the mixture flowing in a pipe to exhibit a pseudoviscosity, 
higher than the viscosity of the liquid in which the particles are suspended, 
but decreasing as the velocity in laminar flow increases. A result is that the 
mixture moves in laminar flow in much the same manner as a very viscous liquid 
except that, in the case of the mixture, there is a moving plug of material in 
the center of the pipe and within which there is no movement between adjacent 
particles. The writers have shown that the velocity, V., at which so-called 
‘lug flow,” plastic flow, or laminar flow breaks into, turbulent flow, is given 


by the expression 
2 
327 +824) 427+ ftyp D’g 
a 0.96 on 
oy, fo Din. 
in which 7 = coefficient of rigidity of mixture, in pounds per foot-second; 
f = friction factor in the expression 


Ty = shearing stress at the yield point of a plastic material, called yield value, 
in pounds per square foot; p = density of flowing substance, in pounds per 
cubic foot; and H = difference in static head between two points in a pipe, 
measured or expressed in feet of the flowing mixture. Hence, when V is less 
than V., Professor Wilson’s analysis cannot be expected to apply. 

An analysis of the experimental data reported by the writers, particularly 
for a Tennessee ball clay slurry, shows that the values of V-, lie between 2.0 
and 15 ft per sec. The rate of settling of this material was of the order of 
2 to 3 in. per day. Hence, at the velocity of 2 ft per sec (the lowest at which 


: KpV, 
turbulence occurred in the writers’ tests), the influence of the term = =, 


shown in Eq. 19, on the friction loss, was negligible when compared with the 
V2 
29D: 

When the velocity of flow is greater than V., the friction loss due to the 
flow of a slurry, through a circular pipe, will be the same as the friction loss 
for the flow, through a circular pipe, of a liquid with the same viscosity as the 
dispersion medium of the mixture. Hence, in the case of suspensions of solid 
particles in water, the common hydraulic formulas can be used. This implies 
that for such a suspension the conditions of flow in a circular pipe can be ex- 
pressed as 


term 
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This agrees with Professor Wilson’s conclusion. It should be emphasized again 
that Eq. 28 is applicable only to turbulent flow at a velocity high enough to 
maintain the particles in suspension. 

Importance should be attached to the limiting concentration of suspended 
matter above which a yield value appears. It is only by differentiating the 
regions of solids concentration above and below the existence of a yield point 
that confusion may be avoided. When the concentration of suspended par- 
ticles is i teaceed low to show little or no yield value in the mixture, when 


the term Ke Vs (Eq. 19) becomes appreciable with respect to the term aes 7 ; 


when the ee remains turbulent, and when particles remain in suspension, 
Professor Wilson’s analysis will prove of most value. 
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Discussion 


By. Bebe. CHANDLER, M. AmM.—Se0c. C. E. 


E. L. Cuanpuyr,! M. Am. Soc. C. E.42—Proper allocation of the costs of 
multiple-purpose projects is a complicated problem, and the author has made a 
useful contribution to available data on the subject. 

The alternative-justifiable-expenditure theory of allocation (see heading 
“Theories of Joint-Cost Allocations: Alternate Justifiable Expenditure) results 
in a solution that is applicable to most allocation problems.. It appears to 
warrant more wholehearted approval than that accorded to it by the TVA 
Financial Policy Committee. In the introduction to its ‘“Notes on Allocation,” 
a supplement to the TVA formal report on cost allocations (H. Doc. No. 709, 
75th Cong.), the Committee states that it “found most merit in the ‘alternative- 
justifiable-expenditure’ theory” and, in the last sentence of the paragraph on 
“Conclusion as to Allocation Theories,” states that the “allocations finally 
recommended are admittedly based on an exercise of judgment after considering 
all facts.” 

A summary of allocations to date is given in Table 2. By comparing the 
percentages shown in items Nos. 18, 19, and 20 with corresponding values in 
items Nos. 31, 32, and 33, it will be noted that the exercise of judgment resulted 
in a change of 1.6% of the allocation to power in the three-plant system, as 
compared with the value determined by calculations based on the justifiable- 
expenditure formula. Changes in the allocations to navigation and flood 
control were 0.6% and 1.0%, respectively. The changes happen to have 
decreased step by step until, for the seven-plant system, there is an increase of 
only 0.7% of the allocation to power. It is scarcely reasonable to suppose that 
the accuracy of any allocation can be guaranteed within closer limits than these. 
Perhaps it is not exceeding the bounds of caution to say that the justifiable- 


Nots.—This paper by Theodore B. Parker, M. Am. Soc. C. E., was published in December, 1941, 
Proceedings. Discussion on this paper has appeared in Proceedings, as follows: February, 1942, by Malcolm 
Elliott, M. Am. Soc. C. E. 

4 Chf. Engr., Chattanooga Flood Protection Dist., Chattanooga, Tenn. 

4a Received by the Secretary January 23, 1942. 
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expenditure method is the adopted method. There is merit in standardization 
if conditions warrant it. 

Added confidence in the merit of this method is found in the fact that “it 
held its own,” from the early days of allocation study, against all of the proposed 
methods, some of which were ardently supported by their sponsors. It was 
first used under the title of ‘benefit theory,” and tentative allocations for the 
first four projects were prepared in 1936 and 1937. The term ‘“‘benefit theory”’ 
was distasteful to some who were concerned with development of the allocations, 
chiefly because they did not find it possible to arrive at measures of benefits that 
seemed satisfactory to them. Later, with some changes in terminology and 
many improvements in details of the procedure used in deriving the estimated 
justifiable expenditures, but with no change in the application of the formula, 
the method emerged under the name “alternative-justifiable-expenditure”’ 
theory. The writer considers this to be very satisfactory nomenclature. 

The maximum total justifiable expenditure for any one of the objectives 
served by a multiple-purpose project would be measured by the total benefit 
(with respect to the purpose under consideration) that is derived from the 
development of the project. Assuming that the value of benefits for any given 
objective exceeds the cost of the least expensive single-purpose project that 
might be devised for accomplishing equivalent results, the expenditure neces- 
sary for such a single-purpose project may be considered as a lower limit of 
justifiable expenditure. If the expenditure necessary for such a single-purpose 
project would not be justified by results to be accomplished, then a lower value 
for justifiable expenditure should be substituted. It should be some measure 
of the benefits to result from the expenditure. 

The most suitable values to be used as “justifiable expenditures” in any 
given allocation problem may be determined in any one of several ways, as 
circumstances dictate. Perhaps a suitable measure of total benefits accruing 
to each of the purposes may be feasible. It may be found that values based on 
use of facilities afford a suitable basis, etc. In any event, the values used for 
all of the objectives of the problem at hand should be maintained on as nearly 
an equivalent basis as possible. In the TVA allocation, estimates for the cost 
of alternative single-purpose projects, deemed capable of providing services 
equivalent to that furnished by the multiple-purpose project, have been used 
for the purpose. 


It is obvious that the accuracy of final allocations under this method depends 


largely on the soundness of estimates for the alternative justifiable expenditures. ° 


Assuming the adequacy of those estimates, the steps taken in developing the 
TVA allocation give results within what are, probably, suitable limits of 
accuracy, although they are not absolutely correct. During the allocation 
studies, methods of derivation were developed that lead to mathematically 
accurate results for all steps after original estimates have been established. 
Method of Determining Directly Segregable Portions of Multiple-Purpose 
Project Cosis.—For any multiple-purpose project, probably certain parts of the 
expenditures will have been made solely in the interests of specific objectives 
such as flood control, navigation, or power generation. It also will be true that 
certain parts of the structures serve more than one purpose. The first step in 


} 
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_ the problem of allocation is a determination of the directly segregable portions 
of the cost. A method for determining those segregable amounts has been 
developed geometrically and arithmetically as indicated in Fig. 2. This 
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diagram and the following computations are intended to establish principles 
_ that may be applied to the solution of any given allocation problem: 


Area 
(see Fig. 2) Description 
. Complete circle; total project cost if built for— 
A Flood control only 
B Navigation only 
(& Power only ; 
Combined total project cost if built for— 
D Flood control and navigation (overlapping combination of 
areas A and B) 
iE Navigation and power (overlapping combination of areas B 
and C) 
ae Power and flood control (overlapping combination of areas 
C and A) 
i Flood control, navigation, and power (overlapping combi- 
nation of areas A, B, and C; not indicated in Fig. 2) 
Part of circle not overlapped in combining the three circles is the 
cost directly allocated to— 
a Flood control, 
CL EB eh ae ee ne 8 aoe (la) 
b Navigation, 
Lik Rd SS Ae apr RS (16) 
€ Power, 
. CoD en te open oe, pe (1c) 
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Single overlapping area common to two circles is the cost to be 
prorated between— 


d Flood control and navigation 

@=E+F —C-—T. -. 35-2 Sas (2a) 
Crue Navigation and power, 

62 DEP = AT Laie eee (2b) 
ik Power and flood control, 

f= D+ EB BP eee eae (2c) 


Double overlapping area common to circles A, B, and C is the cost 
to be prorated between— 
t Flood control, navigation, and power, 


t= A-B+ C4 T.—D Eh Fee (3) 


This device has been termed the ‘‘three-cirele method,” although the circles 
have no special significance. They are used only because they furnish a 
convenient means of demonstration. 

It is considered that three objectives are involved—fiood control, navigation, 
and power development. The first step is a determination of justifiable 
expenditure for a project that would provide flood control equally satisfactory, 
in every way, to that furnished by the multiple-purpose project (area A, Fig. 2) 
but that would provide neither navigation nor power facilities. In like manner, 
the justifiable expenditure must be determined for a structure that would 


provide only for navigation equal to that furnished by the multiple-purpose ~ 


project (area B, Fig. 2), and also for a single-purpose project (area C, Fig. 2) 


that would furnish the equivalent of power facilities included in the multiple-- 


purpose development. 


It is assumed that, if a dual-purpose project were built to provide for flood ~ 


control and navigation, the resulting expenditure would be less than the com- 
bined sum represented by the total of areas A and B. Therefore, to represent 
such a dual-purpose project graphically, the two circles are shown overlapping 
in the diagram, and the combination is designated as area D, which is less than 
the total area A plus the total area B by the amount of overlapping (in this 


instance, indicated by the area d plus t). In the same way, if a dual-purpose 


project were to be built to serve the purposes of navigation and power, with no 
provision for flood control, the resulting expenditure is represented on the 
diagram by that part labeled EZ, which includes overlapping areas B and C. 
The net resulting sum in this case is less than the combined total of areas B and 
C by the amount of overlapping between the two areas, which is graphically 
represented by area e plus area t, Fig. 2. In the same way, a dual-purpose 
project built for purposes of flood control and power only is represented by the 
overlapping of area A and area C, the area being less than the combined total 
of A plus C by the amount of overlapping indicated by area f plust. The three 
purposes are served at a cost materially less than would be the case if each of the 


ee ee oe 
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three were to be gained by a single structure or if any combination of dual- 
purpose and single-purpose projects were developed. 

Eqs. 1 to 3 will give the proper part of the total cost to be allocated directly 
to each of the three objectives; the part that is common solely to each combi- 
nation of two objectives; and that part common to all three of the objectives. 
These values are fundamental, and allocation of the cost of the tri-purpose 
project is based on them. 

In the case of a project involving more than three objectives, the method 
outlined would still be applicable. A fourth circle would be introduced and a 
larger number of simultaneous equations would result, but the principles 
involved would remain the same. 

The discussion thus far has been purely theoretical. Segregation of the cost _ 
of a hypothetical project in accordance with the aforementioned theory is 
indicated arithmetically and diagrammatically in Fig. 3. The incremental 


MMMM 


—t=$ 20757 000 
D=$ 24 957 000 


Fie. 3 


e=$1800000 


costs are those expenditures made solely in the interest of single purposes. The 
first step in such a segregation is a determination of the justifiable expenditures 
for single-purpose projects that would have to be built to satisfy each one of the 
three objectives, and also for those projects that would serve each of the three 
dual combinations to an extent equal to the service rendered by the actual tri- 
purpose project. The following tabulation indicates the assumed cost of the 
project that would have resulted in each case: 


Area» 
(see Fig. 2) Objective Cost 
A Flood control only... 0... <2: $23,157,000 
B Navigation only.............---- 22,557,000 
C POWELL ODLY aC eerie ie tae 29,957,000 
D Flood control and navigation...... 24,957,000 
E Navigation and power......------ 29,957,000 
F Flood control and power........-- 31,680,000 
Ty A Bhay Baill ec Saeed tas Ar ies eine 31,680,000 


For the sake of clarity, in Fig. 2 the areas are shown overlapping by only 
small segments. As a matter of fact, in the case of most projects the cost 
common to two or more objectives is likely to be a large proportion of the total 
cost, and such a condition has been assumed for the hypothetical example. 
Then, it is difficult to indicate the true conditions to scale by the use of circles, 
and a different type of diagram has been devised in Fig. 3. 
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A study of this diagram will show that the cost of a project that would give 
flood-protection facilities equivalent to those assumed would be $23,157,000. 
Such a project would not be built in the interests of navigation or power develop- 
ment. This is indicated in Fig. 3 by the lower rectangle, length A. A project 
that would serve purposes of navigation only, without regard to flood control or 
to power, would cost $22,557,000 (length B, Fig. 3). The cost of a project built 
for purposes of power generation only would be $29,957,000 (length C = EH, 
Fig. 3). The three rectangles have been arranged in a horizontal position such 
that the various other elements of cost desired are shown diagrammatically. 
For instance, if a dual-purpose project were built that would furnish flood- 
control and navigation facilities equivalent to those furnished by the tri- 
purpose project, but which would provide nothing specifically for power de- 
velopment, the cost would be $24,957,000. This is represented by length D. 
' The hypothetical tri-purpose project is such that, if a single-purpose project 
were built for the primary purpose of providing an equivalent of the existing 
power generation facilities, it would be sufficient also to provide the existing 
navigation facilities without additional cost. This is found to be true in the 
case of some of the TVA projects on the upper tributaries of the Tennessee 
River, where the value to navigation consists of releasing water during periods 
of normally low flow in the channel downstream. This means, in the case of the 
circles in Fig. 2, that area B, representing navigation, would fall entirely within 
area C, representing power. The cost of a dual-purpose project for navigation 
and power becomes the same as that for a single-purpose project for power. 
Thus, in Fig. 3 the top rectangle is marked both C and F. It also has been 
assumed that a dual-purpose project that would provide flood-control facilities 
and power-generation facilities equivalent to those now existing would be the 
same as the existing structure. Therefore, the combined dual cost represented 
by length F (Fig. 3) would be the same as the total cost of the existing project, 
T (= $31,680,000). The. assumptions have been made with the purpose of 
setting up a rather complicated example. 

Costs represented by lower-case letters and the overlapping of circles in the 
theoretical discussion have been determined as follows: 

The cost directly allocable to flood control, represented by ‘length a, is 
$1,723,000. In Fig. 3 it is represented by that part of the lower rectangle which 
extends beyond the right-hand limit of the upper rectangles. A project that 
would provide suitable power-generation facilities would automatically provide 


the necessary navigation facilities. Therefore, there is no part of the cost of the - 


project to be allocated directly to navigation and, consequently, the value of b 
becomes zero. That part of the cost properly allocable solely to power gener- 
ation, represented by length c, is $6,723,000. This is the part of the top 
rectangle which extends to the left beyond the limit of the lower rectangles. 
There is no value indicated for length d which, in the theoretical discussion, is 
that part of the cost common to flood control and navigation .only. Con- 
sidering only a dual-purpose project for purposes of flood control and naviga- 
tion, the common element length d becomes $20,757,000. However, a dual- 
purpose project involving navigation and power would cost the same as a 
single-purpose project for power only. Thus, in Fig. 3, rectangle B, repre- 
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senting navigation, is completely overlapped by rectangle C, representing 
power, and it is evident that any part of the cost common to lengths A and B 
also must be common-to length C. Therefore, the sum of $20,757,000, which is 
common to lengths A and B, actually becomes length ¢ in this study (it is 
common to all three of the objectives), and d becomes zero. This means that 
no part of the cost is common to costs A and B which is not also common to 
cost C. That part of the cost common to navigation and power only (length e, 
Fig. 3) is $1,800,000. That part of the cost common to flood control and power 
only (length f, Fig. 3) is $677,000. The sum of $20,757,000, common to all 
three of the objectives, is shown as length ¢ in Fig. 3. 

The foregoing procedure appears to be mathematically correct. The fact 
that some of the values may prove to be zero has no bearing at all on the 
soundness of the method. The matter of resolving the total cost of a multiple- 
purpose project into the incremental costs directly allocable to the several 
objectives and into costs that are common is relatively simple if the foregoing 
procedure is followed. Dependability of the results obtained depends wholly 
on the accuracy with which the costs represented by the several capital letters 
are determined. 

To segregate the costs for a tri-purpose project, it will be noted that esti- 
- mates of cost for seven different projects may be required, although, as in the 
foregoing hypothetical case, the number may be reduced if two functions are 
served by a project built for any one of the objectives. In such a case a single- 
purpose project automatically assumes the character of a dual-purpose project. | 

During discussions of the allocation procedures, the estimating required in 
order to apply the method seemed to be a formidable objection to its use in 
the minds of some non-engineering members of the TVA staff. It does not 
appear too serious from an engineering viewpoint. Granting that any estimate 
is likely to be somewhat in error, carefully prepared estimates, formulated by 
experienced engineers, should fall within suitable limits of accuracy to satisfy 
the needs at hand. This is especially true when consideration is given to the 
relatively minor effect on ultimate allocations that may result from substantial 
variations in original estimates. This has been demonstrated by Mr. Parker 
in Table 3. The writer investigated these relations during the course of 
allocation studies and found that, on a basis substantially the same as the 
foregoing, with variations as large as 20% in the estimates of justifiable expendi- 
tures, the greatest change in allocation was approximately 4%, and the average 
was somewhat less than 2%. Careful estimates should not be more than 
20% out of balance, and there seems little likelihood that allocations can be 
determined with any certainty of accuracy within The Ae 

Method of Allocating Common Costs Under Alternative-J ustifiable-Expenditure 
Theory.—The non-segregable costs common to more than one objective are 
determined under the “‘three-circle method” of segregation. In the cases 
studied, only tri-purpose projects are considered, although the same method 
of segregation and allocation may be applied to any multiple-purpose project. 

In the “three-circle method” of segregation an “incremental cost” was 
determined for each of the three purposes, that being the expenditure incurred 
in each case over and above what would be expended if a dual-purpose project 
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were built and the purpose under consideration were non-existent in the 
project. The costs common to each possible combination of two purposes 
were established on a basis of hypothetical dual-purpose projects, and the 
cost common to all three purposes was established. 

After determining the “justifiable expenditure” for each objective, the 
segregated “incremental cost’’ is deducted, and the result becomes a sum that 
may be termed “justifiable additional investment.”’ Having already charged 
to the objectives those parts of the multiple-purpose project costs that are 
directly segregable, it is logical to allocate the remaining common costs on the 
basis of “justifiable additional investments.” 

As described under the three-circle method of segregation, there are four 
items of common cost to be allocated. For exact allocation, each common cost 
should not be distributed directly on the basis of the “justifiable additional 
investments” with which it is concerned. Rather, each should be distributed 
in proportion to the remainders that would be left after the other three items 
of common cost have been allocated, and such allocations have been deducted 
from the corresponding “justifiable additional investments.” The resulting 
amounts may be termed ‘“‘remaining justifiable additional investments.” The 
development of mathematical equations by which common costs may be 
directly allocated on this basis follows. 

The following symbols are adopted to represent the quantities involved: 


Symbol Description 
Justifiable additional investment for— 
M Flood control 
N Navigation 
O Power 


Cost common to (see Eqs. 2 and 3)— 

d Flood control and navigation only 

e Navigation and power only 

# Power and flood control only 

t _ Flood control, navigation, and power 
Proportion of d allocated to— 


(i fos Flood control 
dn Navigation 

Proportion of e allocated to— 
Cn Navigation 
€o Power 

Proportion of f allocated to— 
iin Flood control 
fo Power 

Proportion of ¢ allocated to— 
ben Flood control 
tn Navigation 
ts Power 


Allocation of t—The steps in the allocation of cost t are shown in Table 4(a). 
The total common cost ¢ is to the part of t to be allocated to flood control 


eS 
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(tm) as the total “remaining justifiable additional investment’’ is to the re- 
maining justifiable additional investment for the part allocated to flood control. 


TABLE 4.—Attocation ForMULAS; JUSTIFIABLE ADDITIONAL INVESTMENT 


(a) ALLOCATION oF ¢| (6) ALLOCATION OF d | (c) ALLOCATION OF e | (d) ALLOCATION oF f 
Justifiable ; 


additional 
investment 


Previously |Break-| Previously | Break-| Previously | Break-| Previously | Break- 
allocated2 down allocated¢ down allocated down allocated down 


M dm + fm tm Sm -+tm dm tere Beet || Ommte ea tm 
N dn +en tn en + tn dn dn + tn en © siete Pe 
€o +fo to coos cess fo + to €o €@ + to fo 


M+N+0 | d +e +f t en+fm+tm+in| d dn +fo+tn +to e dm+eo+tm+to] f 


2 Items considered as if previously allocated. 


Expressing this proportion algebraically and transposing ¢ to solve for tm: 


he Midi im) 
m (M+N+0)—-(d+e+f) CWO to Lee Wet ivOL oD 


Similarly, the total common cost ¢ is to the part of ¢ allocated to navigation 
(tn) as the total remaining justifiable additional investment is to the remaining 
justifiable additional investment for the part allocated to navigation; thus: 


— (dn + en) 
FEN EO) ee EA See coe ibe pte cs Daa 


Finally, the total common cost ¢ is to the part of ¢ allocated to power (fo) as 
the total remaining justifiable additional. investment is to the remaining 
justifiable additional investment for the part allocated to power: 


O = (0 + fo) 
‘OM EN 0) — @ Fe f) eisisec See aie aa 


Allocation of d.—Since it is common to M and N only (see Table 4(6)), 
dis broken down into dm and d,. This eliminates line O, and the comparable 
equations are— 

For flood control: 


tn = 


wa fan ale i) 
Ge Le wy = ert Gxt ip) cn (5a) 
and, for navigation: 


a oe ot hg enous tor sy aeM ons 


Allocation of e.—In this case, e is common to N and O only (see Table 4(c)) 
and therefore is broken down into e, and é,. Line M is thus eliminated and— 
For navigation: 


OSG a yy aE RTS mT a RE Sees 
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and, for power: 
Es O. — (fo + to) 6b 
oo = 8 Oo) dat Ek) on eee ) 


Allocation of f—Being common to M and O. only (see Table 4(d)), f is 
divided into f,, and fy. This eliminates N, the justifiable additional investment 
for navigation. The remaining formulas are— 

For flood control: 


tm =f (M + 0) — (dm Sag ere ROTTS, «als ce) ohue e > me) weentes (7a) 
and, for power: 
(€o + to) (7b) 


fe =F OV Lessee ee ee 


Major Equations.—First eliminate Eqs. 4 by substitution. For simplicity 
these may be written: 


t 
tm = Fe (M — din ~ fn) ove rec r eee reese (Ba) 
t ; 
a RN On ae O Myce eeeee eta ak ue ee (8b) 
and 
t 
a Re = 65.5 fo) a cots ae) alee Chee ee (8c) 
in which 
K=(M+N4+0)—-—(d+ectf)............0... (9) 


In Eq. 5a (for example), substitute the values of t» and t, defined by Eqs. 8, 
and simplify the resulting form algebraically to 


in = a| L (M = fm) +t dm | 
mt L(M +N —€,—Jm) +td 


in which L = K —¢. Eq. 10 may be simplified further to the general formula: 
din (Ml +N = @y > fin) = O(M, ~ fn). os ee 
Similarly, Eqs. 8 substituted in Eq. 6a yield (simplified algebraically )— 


LW+0—d,—fi) +1e 


which may be simplified to the general formula - 
ean (Ni + OF ida J.) ce (No a eee (13) 
In Kq. 7b, substitute t, and tm from Eqs. 4 to yield 


ne s| LO ~e) +tfe 


L(M + 0 — dn —@) + tf shal ote) st aifaheteie tenses (14) 
or 
Jo (M se OF dei ec) =f (Ore) ie (> uc umnaraie (15) 


ae 


ee ee 
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Eqs. 11, 13, and 15 can be written in the following form: 


(M+N—f+fo— en) dm =ad(M —ft+f.).........(16a) 

(N +0 —d+ dm — fo) én =e (N —d+dn).........(160) 
and 

(O+ M—e+en—dm) fo =f(O —eten)........-. (16c) 


Solving Eq. 16c for f, and substituting this value in Eqs. 16a and 16), succes- 
sively: 


dm ((O + M—e+én —dm) (M+ N —en —f) +f (O —e + en) ] 


=d[(O+M —e+e, —dn)(M —f)+f(O —e + en)]J....(17a) 
and 


en ((O + M —e + en — dm) (N+O—d+dn) —f(O-e+en)] 
=e[(N —d + dn) (0+ M —e¢ + en — dn)] De ore (17b) 


The foregoing derivations have been given in considerably more detail than 
is necessary to obtain the results but the full procedure is given for the sake 
of clarity. Beyond Eqs. 17, further modification is inadvisable. By substi- 
tuting known quantities in these formulas, solutions of dm and e, may be 
obtained. Itis then a simple matter to derive allocations of the other common 
costs by substituting those values in preceding equations. Frequently, some 
one or more of the hypothetical dual-purpose projects contains no cost that is 
common only to the two objectives used in combination (that: is, d, e, or 
f = 0). Under such circumstances, Eqs. 17 become much simplified. If 
desired, answers may be obtained by a graphic solution of the equations. 
In some instances the graphic method will be found to be preferable. 

“Cut-and-Try” Solution—The foregoing equations give results that are 
mathematically accurate. However, in most instances it is possible to arrive 
at results that are within satisfactory limits of accuracy by using a cut-and-try 
method of solution, which involves considerably less work without departing 
from the fundamental principles of the equations. 

As a first step in the cut-and-try method, d, e, and f are broken down in 
direct. proportion to the “justifiable additional investments,” M, N, and O. 
This gives a set of tentative allocations for d, e, and f. Based on these values, 
a set of tentative “remaining justifiable additional investments” is obtained. 

“These form a basis for a tentative allocation of t. Then the latter allocated 
values (tm, tn, and t.) exchange places with the tentative breakdown of one of 
the first three common costs (say f), and a second set of ‘‘remaining justifiable 
additional investments’ is obtained. Based on these, f is reallocated. 

Following a similar procedure, the latest allocated values (fo and fm) now 
exchange places with the tentative. values for e, and a new allocation for e is 
determined. Extending the process another step, d is reallocated. This 
completes a cycle that furnishes a new breakdown for each of the common 
costs. By the nature of the process these values are closer to a true allocation 
of the common costs than those first used. | 

It will be noted that these tentative allocations have been based on “‘re- 
maining justifiable additional investments,” but that the latter are not those 
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which would result from deducting the true allocations from the original 
‘Justifiable additional investments.” 


TABLE 5.—Cut-anp-TRY SOLUTION 
(Units Are Dollars) 


wetter APPROXIMATE BREAKDOWN OF ate ALLOCATION OF MULTIPLE- 
ADDITIONAL é Remaining Purpose Common Cost 
Geen Mo tripie-Purpose Costs justifiable 
investment 
Cost d e af t t t e d 
Symbol (1) (2) | (3) (4) (5) (6) (7) (8) (9) (10) 


(a) First CycLE 


Allocation of t: 
M 500 269 Bats 133 98 56 
N 800 431 222 Aris 147 84 
10) 1,000 Agia 278 267 455 260 
M+N-+0 | 2,300 700 500 400 rae 700 400 
Allocation of f: 
M 500 269 bie eee 56 175 sates 109.89 
N 800 431 222 Sed 84 63 Rachcte Seay Naty 
6) 1,000 ans 278 ats 260 462 Sicvana 290.11 aie 
M-+N-+0 | 2,300 700 500 ee 4002 700 .... | 400 
Allocation of e: | 
M 500 269 300s 109.89 56 65.11 sdeviet Se Bees 
N 800 431 SR Sen 84 285.00 Sinaat Baya 193.91 
O 1,000 Siaig Sees Cea lew 260 449.89 Pras «jeieve 2 of 806,09: 
M+N-+0 | 2,300 700 avoid 4006 4002 800 i ea teas 500 
Allocation of d: 
M 500 Ae Bante 109.89 56 334,11 ae haw .o..ah273 here 
N 800 ayers 193.91 apn 84 522.09 deters neue ea 426.84 
O 1,000 Sats 306.09 | 290.11 260 143.80 Sree Seat era Soe vu Me 
M+N-+0 | 2,300 te |o00% 400° 4004 1,000 $e deen ape 700 


(b) Seconp CycLEe 


Allocation of t: 

M 500 | 273.16] .... | 109.89] .... 116.95 66.83 

N 800 | 426.84 ]}193.91| .... | .... 179.25 102.43 

O 1,000 | .... | 306.09] 290.11] <..; 403.80 230.74 
M+N-+0| 2,300 |700 |500 | 400 “as 700 400 
sora why Nate of f: 

BOO =|'278:164lteaen Mle: esl aeG.88 160.01 noes. | 102270 

N 800 | 426.84 | 193.91] .... | 102.43 76.82 Lets lites ctl eee eee ; 

O 1,000 | .... |306.09| ...: | 230.74 463.17 «Pe sel 297 30s) Sapp aes : 
M+N-+0 | 2;300 | 700 | 500 .... | 4002 700 a lik00, 
Allocation of e: 

500 | 273.16] .... | 102.70] 66.83 57.31 eee | eet Ae 

N 800 | 426.84] .-.. | .... | 102.43 270.73 - eel jones) WIBBG 

O TOON ame 297.30 | 230.74 471.96 Se bal ell yee! 
M+N-+0 | 2,300 | 700 .... | 4008 | 4002 800 Pr eMhies Se GOO 
Allocation of d: : 

ij 500 | ..:. | .... | 102.70 | 66.83 330.47 Ey Re 

N s00 | .... | 182.26] .... | 102.43 515.31 SoA Mie || Los ribet: 

O 1,000 | .... | 317.74 | 297.30 | 230.74 154.22 eet ee |S. 
M+N-+0 | 2,300 | .... | 500¢ | 400° | 4000 1,000 Gite eed 700 


’ 


2 t( =$400) in Col. 5 taken from preceding determination of t in Col. 7. > f( =$400) in Col. 4 taken from / 


eet! eteshie pint of f in Col. 8. © e(=$500) in Col. 3, taken from preceding determination of 


, 
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TABLE 5.—(Continued) 


JUSTIFI ; 
Le eal acer ee BREAKDOWN OF R a ALLOCATION OF MULTIPLE- 
ina Muutipte-Purposs Costs aastibable } PurposE Common Cost 
investment 
Symbol Cost d g f t t f e@ d 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 


(c) Nintu Cycie (Fottowine Succussive INTERMEDIATE CYCLES) 


Allocation of ¢: 


M 500 |/272.285) “J e..--| LOL02)) 22. 26.00 72.40 
N 800 | 427.72 | 173.48 Aco apttewe 198.80 113.60 
@) 1,000 siaete 326.52 | 298.98 Seuss 374.50 214.00 
M+N-+0 | 2,300 | 700 500 400 open 700 400 
Allocation of f: 
M 500 | 272.28 Bee PEa% 72.40 155.32 atte 101.05 
N 800 | 427.72 | 173.48 a Sta's 113.60 85.20 ticthio Sane 
O 1,000 Baie [NO26.D2 i sete. siel4-00! 459.48 bees, | 298.95 
M-+N-+0 | 2,300 | 700 500 .... | 4004 700 eee) | 400 
Allocation of e: 
uy 500 | 27228] .... | 101.05} 72.40 54.27 arse eee Satie 
N SOOUMADT. 726] saa. See We Lt3:60 258.68 es Sreeen | ia4t 
O 1,000 aati ..-. | 298.95 | 214.00 487.05 ae ses. | 326.56 
M-+N-+0 | 2,300 | 700 ..-- | 400° 4002 800 byes Pea LOOO 
Allocation of d: 
M 500 ew Sie Piocats 101.05 72.40 326.55 Dratste ess piciags 272.28 
N 800 Pe | ATS.44. Ne ees) ||) 113360 512.96 ac 2 iets op ANA 2 Tae 
O 1,000 .... | 326.56 | 298.95 | 214.00 160.49 wae nea Syne Bee 
M+N-+0 | 2,300 pees DOE 400° 4002 1,000 Woke eres mare ne OO 


@ ¢( =$400) in Col. 5 taken from preceding determination of tin Col. 7. » f(=$400) in Col. 4 taken from 
eet cote neoe of f in Col. 8. ¢e(=$500) in Col. 3, taken from preceding determination of 
e(= in Col. 9. 


Based on these allocations, other cycles are computed. With each cycle 
the adjustment in allocations becomes less and less as the true values are 
approached. The process is continued until the adjustments fall within 
desired limits of accuracy. 

A hypothetical example is presented in Table 5, in which each of the 
aforementioned steps are shown. Nine cycles were used in order to study the 
rate at which the adjustment in the allocation values diminished. Computa- 
tions for cycles intervening between the second and ninth are omitted since 
they add little to clarifying the procedure. Completion of the fourth cycle 
brought the allocation into such close agreement with the true values that 
further work was not justified with the small gain in accuracy. Hence, four 
eycles are deemed sufficient for a practical application of the method. In 
practice it is possible to omit the values of ¢ and solve for d, e, and f; but, as 
in the development of the fundamental equations, all of the steps are included 
for the sake of clarity. 

This cut-and-try method was found to be very satisfactory in the solution 
of the problem. A check may be made on the calculations at any time, and 
the work stopped after the degree of accuracy justified has been obtained. 
The variation of results obtained by each cycle indicates the rate at which the 
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allocation values are approaching correctness. By ‘studying these reductions 
it is readily possible to determine when the results have reached a point beyond 
which the refinement gained makes further calculations unnecessary. 

The foregoing demonstration develops a mathematically correct method of 
allocating the joint or common costs in any multiple-purpose project, although 
in most instances it may be found that the increase in accuracy which is gained 
by the refinements of allocating the costs common only to two objectives 
(d, e, and f in the equations) is not of sufficient consequence to justify the 
work required. Under such circumstances it should be sufficient to allocate 
all of the joint costs (d + e+ f+) in one operation in proportion to the 
‘“ustifiable additional expenditures” and to omit the other steps. 

Acknowledgment.—The fundamentals of the foregoing mathematical deriva - 
tions were proposed by Sherman M. Woodward, M. Am. Soc. C. E., chief 
water control planning engineer, under'whose direction the writer acted as 
chief estimator in the TVA organization. 
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PROTECTIVE AND REMEDIAL MEASURES 
FOR 
SANIBARY-ANDvwPUBLIC-HEALTH 
ENGINEERING SERVICES 


Discussion 
By DoNALD M. BAKER, M. AM. Soc. C. E. 


Donatp M. Baxer,! M. Am. Soc. C. E.4*—For those public agencies 
engaged in Sanitary and Public Health Engineering services, this Report 
furnishes an excellent manual, but the writer, basing his feelings upon personal 
experience gained while serving on local defense committees during the year 
1940-1941, believes that insufficient stress is given to the subject of Paragraph 
5(a) of the Report, “the likelihood of being sabotaged or attacked.” 

Every local agency, public or private, engaged in the operation or main- 
tenance of the aforementioned type of utility or service, or in fact of any type 

~ of utility, becomes extremely enthusiastic in placing its utility or service in the 
best possible condition to meet and cope with even the most remote emergency 
arising out of war conditions, threatened or actual. 

Balance is needed in such a program; otherwise unnecessary expenditures 
are likely to be made, and the public unduly alarmed, by the activities of an 
aggressive administrator who feels that his own utility or service is surely the 
most immediate objective of attack by saboteurs or by enemy action, and that 
the damage thereto will have the most serious effect of any damage which might 
occur in the community from such action. Asa matter of fact there may be a 
dozen others far more probable of receiving attention, whose damage would be 
far more serious. 

The British have found by experience that it is economically (and often 
physically impossible) to provide 100% protection for all life and property in 
every community, against every conceivable contingency. The probability of 
damage to, and disruption of, each type of utility and service, their relative 
exposure to such damage, the ease with which damage can be inflicted, and its 


Norz.—This Progress Report of the Sanitary and Public Health Engineering Division of the National 
Committee of the Society, on Civilian Protection in War Time, was published in January, 1942, Proceedings. 


4 Cons. Engr., Los Angeles, Calif. 
4a Received by the Secretary February 2, 1942. 
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effect upon public safety, health, and morale must be considered, and a final 
program adopted which is based upon these considerations. This requires the 
same type of investigation and judgment as is exercised in planning flood pro- 
tection works, where a balance must be struck between magnitude and fre- 
quency of floods expected to occur, the cost of protecting against them, and 
the damage likely to occur with varying degrees of protection. 

Each community presents a different problem. No standard plan of pro- 
tection can be developed. Exposure of utilities and services in each will differ 
greatly, as will the effects of damage. Each defense organization must be set 
up on a basis sufficiently widespread to embrace the entire area requiring 
protection. Provision must be made for the highest degree of coordination, 
and the interchange of equipment, supplies, material, and personnel. Just as 
interconnection between power systems serves to reduce installed generating 
capacity required to supply power demands of a region, so will such type of 
organization and coordination reduce the equipment, supplies, etc., required 
to cope with emergencies. 

Sabotage can be expected in any locality at any time during the present 
emergency, and from the following sources: (a) “Cranks,” (6) enemy sympa- 
thizers (individuals or small groups) working without direction or any general 
plan of operations, and (c) enemy sympathizers (individuals or groups) working 
under direction and in accordance with a carefully directed and prepared plan. 

Any emergency stimulates ‘‘cranks” to action. Their activities are more of 
a nuisance character; they seldom cause serious results or damage, and can 
usually be guarded against by routine vigilance. Unorganized and undirected 
enemy sympathizers are a more serious problem because, although saboteurs of 
this type are probably few in number, it is not possible to forecast what their 
course of action will be or where they will strike, their primary objective being 
to cause trouble or damage, irrespective of the crippling effect of their activities. 
_ Counter espionage and vigilant protection of exposed utilities and services are 
the best remedies against this type of saboteur. 

Organized and directed sabotage is only undertaken when its probable result 
will seriously affect public morale, production of important war material, or 
operation of military or naval forces. Probable results to be achieved usually 
are carefully weighed against probable effects. So far, the United States has 
been reasonably free from sabotage activities, except those of cranks. This is 
undoubtedly due to excellent protective measures instituted by federal, state, 
and local public and private agencies. As time goes on, however, it can be 


expected that serious efforts toward major sabotage activities of this type will . 


be made. 

Danger of attack from gunfire exists in communities along the seacoast. 
Such attack can be expected only as a result of a carefully organized and pre- 
pared plan, where the results achieved, in damage to public morale, diversion 
of protective forces from offensive or defensive action elsewhere, or in damage 
to production or to military or naval facilities, will more than warrant the cost 
of such attack to enemy material or personnel. Such attack will come in sur- 
prise form and with small force under present conditions, and its current 
probability is more or less remote. As the Axis nations, with time, find them- 
selves in more desperate circumstances, however, they will be prone to use less 


caution in balancing cost against results, and probability of this type of attack 
will increase. 


ee 
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Danger from air attack extends to communities farther inland. At the 
present time it could only be expected from carrier-based planes, and in any 
event would be sudden, in relatively small force, and not persistent. The 
lessons of Pearl Harbor have decreased greatly the probability of such occur- 
rence. Although Axis nations may be developing transoceanic bombers that 
could successfully negotiate a round-trip voyage and conduct a raid at this 
end, the probability is that, for the present at least, any ships of this type 
developed could be used with far greater effect in other places, and little more 
than token raids could be expected. As in the case of attack by gun fire, with 
increasing desperation on the part of the Axis powers, such attacks might 
become a less remote probability. : 

The first step to be taken in any wartime protection program by local defense 
agencies should embrace consultation with military and naval authorities to 
determine the types of attack to be expected, the objects most likely to be 
attacked, and the relative probability of each type of attack upon each kind of 
objective. This will allow protective measures to be taken with greatest 
efficiency and economy, and a balanced program developed. Such contact 
should be maintained throughout the period of emergency, as with the changing 
fortunes of war these conditions will undergo constant change. 


Corrections: January, 1942, Proceedings, page 121, line 5, change ‘1,000 
gal per 24 hr’ to ‘900 gal per hr’’; page 129, change the heading of Paragraph 
31 to read “31. Refuse Disposal Works’; in the “Bibliography,” in Reference 
18 under the heading “General,” after “Stanton Iron Works,” add “Notting- 
ham, England”; page 105, line 4, the third sentence of the report should read: 
“A list of the Sanitary and Public Health Engineering representatives of these 
sub-committees appears at the end of the Report’; and, on page 135, line 15, 
after “64 Local Sections of the Society,” insert ‘“The Sanitary and Public 
Health Engineering representatives in these Local Sections are as follows: 


H. H. Hendon, 51 Norman Drive, Birmingham, Ala. 

Miss Jane H. Rider, 534 West Latham St., Phoenix, Ariz. 

George E. Symons, Buffalo Sewer Authority, Bird Island Laboratory, 
Buffalo, N. Y. 

H. E. Babbitt, 204 Eng. Hall, Univ. of Illinois, Urbana, Il. 

F. H. Waring, State Dept. of Health, Depts. of State Bldg., North Front 
St., Columbus, Ohio. 

John S. Raffety, 1518 Linn St., Cincinnati, Ohio 

A. G. Levy, 2840 East 132d St., Suite 2, Cleveland, Ohio 

M. C. Hinderlider, 19 State House, Denver, Colo. 

Warren J. Scott, 34 Garfield Rd., West Hartford, Conn. 

W. W. Morehouse, 31 East Norman Ave., Dayton, Ohio : 

A. B. McDaniel, 1427 Eye St., N. W., Washington, D. C. 

Duluth Section (no representative) 

C. E. Richheimer, Florida National Bank Bldg., J acksonville, Fla. 

H. F. Wiedeman, Box 1878, Atlanta, Ga. 

Fred Ohrt, Box 3347, Honolulu, Hawaii 

Arthur E. Gorman, 5060 Marine Drive, Chicago, Il. 

B. A. Poole, 254 W. Hampton Drive, Indianapolis, Ind. 

A. H. Wieters, State Dept. of Health, Des Moines, lowa 
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W. Lindsay Malcolm, Lincoln Hall, Cornell Univ., Ithaca, N. Y. 

C. A. Haskins, 517 Finance Bldg., Kansas City, Mo. 

Lewis A. Young, 1708 Mississippi St., Lawrence, Kans. 

R. R. Harris, 3324 Robin Rd., Louisville, Ky. 

Lynn Perry, 828 McCartney St., Easton, Pa. 

A. M. Rawn, Los Angeles County Sanitation Dist., 110 South Broadway, 
Los Angeles, Calif. 

John H. O’Neill, 637 Lowerline St., New Orleans, La. 

G. L. Hall, 2411 North Charles St., Baltimore, Md. 

S. G. Hess, 242 W. 76th St., New York, N. Y. 

William P. Cross, Box 2529, Miami, Fla. 

Harry E. Miller, 417 West Eng. Bldg., Univ. of Michigan, Ann Arbor, Mich. 

W. Scott Johnson, State Board of Health, Jefferson City, Mo. 

N. H. Rector, 730 South Prentiss St., Jackson, Miss. 

Russell Suter, 114 South Lake Ave., Albany, N. Y. 

W. L. Picton, 711 American National Bank Bldg., Nashville, Tenn. 

T. A. Filipi, 1530 South 25th St., Lincoln, Nebr. 

William G. Bratschi, Box 1474, Santa Fe, N. Mex. 

Herman G. Baity, Univ. of North Carolina, Box 899, Chapel Hill, N. C. 

Arthur D. Weston, Room 51la State House, Boston, Mass. 

George J. Schroepfer, 4715 Nokomis Ave., Minneapolis, Minn. 

Edward R. Stapley, 27 College Circle, Stillwater, Okla. 

Carl E. Green, 1112 Spalding Bldg., Portland, Ore. 

Panama Section (no representative) 

Charles Haydock, 311 Commerical Trust Bldg., Philadelphia, Pa. 

Harry Barton, 539 Lincoln Ave., Bellevue, Pa. 

William R. Benford, 17 Observatory Ave., N. Providence, R. I. 

Francisco Pons, Box 2769, San Juan, Puerto Rico f 

Henry L. Howe, 52 City Hall, Rochester, N. Y. 

Emerson Dolliver, 2632 Fourth Ave., Sacramento, Calif. 

W. Victor Weir, 6600 Delmar Ave., St. Louis, Mo. 

Fred D. Pyle, Room 268, Civic Center, San Diego, Calif. 

John §. Longwell, 512-16th St., Oakland, Calif. 

M. S. Campbell, State Dept. of Health, 1412 Smith Tower, Seattle, Wash. 

Harwood Beebe, Suite 208 Montgomery Bldg., Spartanburg, 8. C. 

T. H. Judd, South 1217 Oak St., Spokane, Wash. 

EK. F. O’Brien, 3613 Midland Ave., Syracuse, N. Y. 

Willibald A. Kunigk, 2903 North 26th St., Tacoma, Wash. 

Frank H. Stephenson, 3652 Kingston Pike, Knoxville, Tenn. 

V. M. Ehlers, 2616 Rio Grande St., Austin, Tex. 

H. P. Jones, 606 Second National Bank Bldg., Toledo, Ohio 

C; Maxwell Stanley, Central State Bank Bldg., Muscatine, Iowa 

Carl E. Painter, 149 W. 2d South, Salt Lake City, Utah 

Richard Messer, 708 State Office Bldg., Richmond, Va. — 


Scotland G. Highland, Clarksburg Water Board, 424 West Main St., Clarks- 
burg, W. Va. 


Walter A. Peirce, 2335 Carmel Ave., Racine, Wis. 
L. pene, Jr., State Dept. of Public Health, State Capitol, Cheyenne, 
TOsre 
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STABILITY OF GRANULAR MATERIALS 


Discussion 


By STANLEY U. BENSCOTER, JUN. AM. Soc. C. E. 


Sranuey U. Benscorsr,® Jun. Am. Soc. C. E.*—The stress analysis of a 
cohesionless embankment, which the authors have presented, is a definite step 
forward in the knowledge of the behavior of granular materials. Many 
contributions, both theoretical and experimental, in this field of stress analysis 
are needed to create a reasonable conception of the state of stress at all points 
within a granular mass. This field has been neglected too long, most probably 
because of the supposedly insurmountable mathematical difficulties involved 
in dealing with a granular mass. If physicists and aeronautical engineers 
have been able to treat, mathematically, the behavior of groups of particles 
having variable velocities in thermodynamics and aerodynamics, soil physicists 
certainly should be able to treat, mathematically, groups of particles having 
variable masses. It is almost certain that statistical methods and other 
branches of advanced mathematics will find application eventually in the 
stress analysis of soils. . 

The authors have obtained a solution for stresses in an embankment which 
is possible of existence so far as can be determined from the geometry of a 
Mohr diagram and the assumption of a failure law representable as a straight 
line passing through the origin of the Mohr axes. The division of the embank- 
ment and foundation into elastic and plastic regions offers an interesting 
approach to the problem. The reported behavior of the elastic regions is 
reasonable since they decrease with increasing height of the embankment. 
The concept of the reserve strength R is valuable and should find much ap- 
plication in the future. 

The geometry of a Mohr diagram yields a quadratic algebraic equation 
(Eq. 11d) relating stresses and the internal friction coefficient in a plastic 
region. The authors have shown that linear expressions for stresses can be 
found which satisfy this equation and the two equations of equilibrium of an 


Nors.—This paper by R. E. Glover, Esq., and F. E. Cornwell, Esq., was published in November, 
1941, Proceedings. Discussion on this paper has appeared in Proceedings, as follows: November, 1941, 
by R. G. Hennes, Assoc. M. Am. Soc. C. E. 

5 Asst. Engr., U. 8. Engrs., Vicksburg, Miss. 

5a Received by the Secretary February 2, 1942. 
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element. As the authors state, future investigations must be made to find 
the possibilities of expressing stresses in a plastic region by higher degree 
polynomials or transcendental functions. This suggests that several solutions 
may be found for stresses that are possible of existence; and there will probably 
be a need for one or more additional laws to govern the solution before the 
correct one (or the most probable one) can be chosen. 

If the stresses are expressed in terms of an Airy function, thus assuring 
equilibrium of elements, the quadratic algebraic equation becomes a quadratic 
differential equation. Prof. Theodor von Kérmén, M. Am. Soc. C. E., drew 
attention to this equation as one among many non-linear differential equations 
with which the engineer is’struggling. It seems strange that government 
engineering agencies interested in the behavior of soil are not financing a 
program of mathematical research in the behavior of granular masses. 

Another manner of dealing with the non-linear equation governing stresses 
in a granular mass is the use of the principal stress lines as a coordinate system. 
In this orthogonal curvilinear system the shearing stress vanishes and the 
non-linear equation becomes linear. The resulting equation is merely a 
proportionality relation between the principal stresses as given by Eq. lla. 
A simple example will illustrate: Consider the two dimensional polar coordinate 
system to form a set of principal stress lines in a granular mass and the body 
forces to be negligible. The shearing stress 7,¢ is zero at all points, and the 
Mohr diagram reveals that 


in which K is Rankine’s coefficient, either active or passive. The formulas 
for o, and og, in terms of an Airy function, are 


ens or (33 

il a a) 
and 

Syl aire ea: ee 

war ) ) 


Assuming symmetry about the origin, try the following simple stress Fincuon 


AR ee od 7 Lo ee ee (34) 
Differentiating to obtain ¢, and o¢ and substituting in Eq. 32: 
al Gare 
Crn—Pp () cays ie a hots ues eee (35a) 
and 
Plt \ aan 
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In Eqs. 35, pis the value of ¢, atr = a. These formulas (represented ea ohes 
cally in Fig. 7) indicate the distributions that are possible in a solid or hollow 
cylinder of dry sand acted upon by a uniform external pressure. The inside 


6 “The Engineer Grappl ith i fv y 
Ce We ee =paee BAS She es Mey by T. von K4érm4n, Bulletin, Am. Mathematical 


Petes & wt 


March, 1942 BENSCOTER ON GRANULAR MATERIALS 503 


pressure of the hollow cylinder may vary between minimum and maximum 
values. If the inside pressure has an intermediate value, the internal stress 
distribution is not known. This may be a statistical problem rather than one 
in elasticity. For the solid cylinder, Curve II must be rejected since it becomes 


6p 


5p 


4p 


3p 


2p 


Fie. 7.—VALUES OF or 


infinite at the origin. Curve I gives a possible stress distribution; yet it is 
certainly questionable. 

The state of stress at a point in a body, in the two-dimensional case, may ~ 
be completely defined by giving the stress circle on a Mohr diagram and the 
directions of principal stresses. The directions of principal stresses at all 
points within the body may be represented by drawing the principal stress 
lines. Thus it is apparent that investigators should strive to find laws govern- 
ing the shape and location of principal stress lines. Today they know only 
that these lines form two orthogonal curvilinear systems which are continuous 
even through boundaries between elastic and plastic regions. They are not 
necessarily representations of harmonic functions, or solutions of La Place’s 
equation, as one might be tempted to hope. In this connection it is interesting 
to note that, in 1941, M. A. Sadowsky’ showed that in perfectly plastic behavior 
(no internal friction) principal stress lines form an equi-areal pattern. In 
elastic bodies these lines must be parallel and perpendicular to unloaded 
surfaces. In a granular mass this may not be true. 

The principal stress lines for Example 1 (Fig. 1) may readily be drawn as 
shown in Fig. 8. These lines must be questioned, with a view toward en- 


7“Bquiareal Pattern of Stress Trajectories in Plane Plastic Strain,” by M. A. Sadowsky, Journal of 
Applied Mechanics, Vol. 8, No. 2, June, 1941, pp. A-74-A-76. 
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couraging further study, because they are not parallel and perpendicular to 
the embankment surface. If the soil contains the slightest amount of cohesion, 
this orthogonal boundary condition must be satisfied since a stress circle can 
then be drawn on a Mohr diagram passing through the origin and tangent to 


a — | 
aes 
Att 

fale ees 


Fie. 8 


the limiting line. It is possible that for a granular cohesionless mass the 
failure law should be represented by a stair-stepped line passing through the 
origin, but with extremely small steps. If such were true, a tiny circle could 
then be drawn tangent to the limiting line and passing through the origin of 
the Mohr axes. This would demand the aforementioned orthogonal boundary 
condition. 

In an attempt to sketch a set of principal stress lines orthogonal to the 
boundary one may try a set of circular and radial type lines. If an attempt 
is made to picture the changing shape of these lines as the height of the embank- 
ment is increased from zero to a maximum, this set of lines is rejected for a 
set of the type sketched in Fig. 9. These lines correspond to a non-linear 
solution. A few interesting observations can be made from this set of principal 
stress lines, assuming that the embankment has the maximum possible height. - 
At point A, Fig. 9, the principal stress o; will be the minimum principal stress, 


Fia. 9 


whereas at point B the stress o; is the maximum principal stress. Thus 
some point between A and B, on any path that may be chosen, is an isotropic 
point or one at which o; = os. At this point, Mohr’s circle degenerates to a 
point and there are no shearing stresses in any direction. Similarly, at point 
C, a2 is the minimum principal stress and becomes the maximum at point D. 
The trajectory of isotropic points might appear as curve EFG. This curve 
would probably appear first around the fillets and expand from there to its 
final position as the height of the ethbankment is increased. 


Instinctivel 
one expects the plastic state to develop around the fillets from s “ 


tress concen- 
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tration as it occurs in elastic bodies. Heavy thrusts at the toe and heel, 
parallel to the surface, are in agreement with M. Frontard’s solution.2 The 
trajectory of isotropic points should lie within a band of elastic-state stress 
although the stress in such a band may be a matter of statistical mechanics 
’ rather than elasticity. 

If the author’s solution were applied to a symmetrical embankment con- 
structed to maximum possible height, it appears that the principal stress lines 
would be vertical and horizontal. This must be questioned. This writer 
believes that at maximum height of embankment there will be a maximum 
amount of curvature and rotation of principal stress lines, which is another 
way to express ‘‘arching’’ action. The authors find Rankine’s state of stress 
in regions I and VII of Example 1, whereas the truth would be a natural state 
with “at rest’? pressures. This is a minor criticism. It is not apparent how 
the elastic and plastic regions extend downward into the foundation below 
the region shown in Fig. 4. The linear solution presented seems to be reason- 
able at an external corner, or apex of an embankment, but must be questioned 
when applied to a reentrant corner or fillet since it does not appear to predict 
the expected stress concentration. 

The comments presented in this discussion are not intended to be critical 
of the solution presented by the authors, but rather they are meant to assist 
in stimulating increased interest in dealing with soil-stress problems by mathe- 
matical theory. Attention might be called to the fact that, at present, soil 
analysts are unable to detect experimentally the state of stress in a granular 
mass at various points. Hence there is no manner of proving by the “scientific 
method” that a given solution is true. So long as investigators are content 
to struggle with metallic pressure cells they will make little progress. There 
is great need for creative thought in both the experimental and theoretical 
solution of problems in the stress analysis of soils. 


8 “Caleuls de Stabilité des Barrages en Terre,” by M. Frontard, Transactions, Second Congress on 
Large Dams, Vol. IV, pp. 243-293. 
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DISCUSSIONS 


DESIGN AND CONSTRUCTION OF SAN GABRIEL 
DAM NO. 1 


Discussion 
By WALTER L. HUBER, M. AM. Soc. C. E. 


Watrer L. Huser,’ M. Am. Soc. C. E.**—As stated by the author, a 
revised design for San Gabriel Dam No. 1 was approved by the state engineer 
of California on August 12, 1935. This approval was secured only after many 
conferences among the state’s Board of Consulting Engineers for this dam 
(F. C. Herrmann, M. Am. Soe. C. E., the writer, and the late Charles D. 
Marx, Past-President and Hon. M. Am. Soc. C. E.), the chief engineer of the 
Los Angeles Flood Control District, and the consulting engineers of the Dis- 
trict. The section of the dam, although considered conservative, was the 
minimum which, under all of the local conditions, was satisfactory to the state’s 
consultants. 

The capacity of spillway required by the state’s consultants was 80,000 cu 
ft per sec with 15-ft freeboard. Had certain information since secured (partly 
the record of ‘subsequent floods) been available, it is probable that a larger 
discharge capacity would have been required. However, the requirement of 
freeboard that was fixed as a condition is quite conservative, and by encroach- 
ing upon this freeboard a discharge that is ample is indicated—this without 
jeopardy. The model tests referred to by the author lead him to conclude 
“that at least 290,000 cu ft per sec would be discharged through the spillway 
before the dam were overtopped.” As he states, this is ‘‘about three times the 


peak flow into the reservoir during the flood of March 2, 1938, and more than’ 


six times the peak flow on record prior to that date” (see heading ‘The 
Spillway’’). 


Nots.—This paper by Paul Baumann, M. Am. Soc. C. E., was published in September, 1941, Pro- 
ceedings. Discussion on this paper has appeared in Proceedings, as follows: November, 1941, by E. Soucek, 
Jun. Am. Soc. C. E.; December, 1941, by William P. Creager, M. Am. Soc. C. E.; January, 1942, by Joseph 
Jacobs, M. Am. Soc. C. E.; and February, 1942, by Jacob Feld, M. Am. Soc. C. E 
® (Huber & Knapik), Cons. Engrs., San Francisco, Calif. 
8a Received by the Secretary February 9, 1942. 
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